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Express Mail No,: EV 473 972 515 US 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Application of: Brmes etal. 

Application No.: 10/185,841 

Filed: June 26, 2002 

For. PROTECTION, Restoration AND 
Enhancement of Erythropoibtin- 
Responsive Cells, Tissues and Organs 



ConfinnationNo.: 4914 
Group Art Unit 1647 
Examiner DeBeiiy,ReginaM. 
Attorney Docket No.: 10165-015-999 



DECLARATION OF MICHAEL L. BRINES, MJ>*, PHJ). 

Sin 

1. MICHAEL L. BRINES, do hereby declare and state: 

L I am an inventor of tbe invention described and claimed in the above- 
identified patent application (hereinafter tiie '"841 application"). I am presently Qiief 
Scientific OfGcer at Waixen I^iannaceaticals, Inc., licensee of the '841 applicatioa 

2. I have over tfairfy years of eT^erieuce in biological research and 
clinical investigation. I am a certified member of the American Board of Internal Medicine. 
My academic and technical expmsnoo and honors, and a list of my publications, are set forth 
in my cucriculum vitae, a copy of which is attached hereto as Appendix A. 

3. I have read and am familiar with the '841 application, &e pending 
claims and tlie outstanding Office Actioa I understand fbat the technology of the '841 
i^licatton relates to the use of erythropoietin ("EPO**} and modified forms of EPO for 
protecting maintaining, enhancing or restoring the function or viabiUty of cells, tissues and 
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organs. Such modified forms of EPO can be EPO molecules that do not increase 
hemoglobin concentration^ but retain their tissue-protectiye activity. I have been informed 
and believe that the claims of the *841 q>plication are subject to a rejection based on the 
contention that the '841 application does not provide sufiEicient guidance for such uses. 

4. I have been asked to evahiate whether a person of ordinary skill in the 
fields of pharmacology and physiology on or before December 29, 2000 (the **Molecular 
Physiologisf ")> using merely ordinary skill and the guidance of the '841 application, would 
have been able to: 

a make chemically modified EPOs; 

b. identify chemically modified EPOs that are non-erythropoietic; 

c. identify chemical]^ modified EPOs that are tissue-protective; and 
d identify EPO-responsive cells, tissues and organs. 

L OVERVTRW 

5 . The amino acid sequence of the native EPO protein was well-known 
prior to December 29, 2000. For many years, EPO had beoa used to treat anemia on account 
of its erythropoietic activity. Methods for flie chemical modification of proteins were also 
well-established. In particular, chemically modified EPO protems had been generated and 
their erythropoietic activities been tested. Assays for testing the tissue-protective activity of 
proteins were also well-established by December 29, 2000. b view ofthe guidance in the 
'841 application that the eiydiropoietic activity of EPO can be separated fixmi its tissue- 
protective function, flie Molecular Physiologist could have used well-established techniques 
to (a) generate chemically modified forms of EPO; (b) test tfxeir erythropoietic activitj^ (c) 



For ease of reference, I will use the term "tissue-protection" instead of the phrase 
"protecting, mamtaitiing, enhancing or restoring the function or viability of cells, tissues and 
organs." Likewise, the ability of a protein to protect, maintain, enhance or restore ^e 
function or viability of cells, tissues and organs will be ref^red to as its "tissue-protective" 
activity. 

^ Molecules that do not increase hemoglobin conc^tration in a mammal will be 
referred to as non-erythropoietic. 
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test their tissue-protective activity; and (d) test their tissue-protective activity in diffenent 
types of cells, tissues, and organs. 

n. METHODS FOR MAKING THE CHEMICALLY MODIFIED EPOS 

6. The claimed metiiods of the *841 application involve the use of 
chemically modified EPOs. The chemical structure of the native EPO molecule was known 
to Molecular Physiologists, and is described in the '841 application (for example, see page 23, 
lines 16-18). In particular, the amino acid sequence of EPO has long been known (see, e.g., 
Jacobs 1985, Nature 313:806-10).^ 

7. Specific chemically modified forms of EPO are described and 
referenced, for example, at pages 29-36 and in Examples 4 and 5 at pages 76-83 of the *841 
plication. These routine metiiods of chemical modification include, among others, 
guanidination, amidination, trinitrophenylatiou, acetylation, succinylation, nitration, and 
modification of arginine residues and caiboxjd gro;q)s. Particular chemically modified EPOs 
and methods for obtaining them are described in the Examples of the '841 application. These 
EPOs include: asialoerythropoietin (Examples 4, 5 and 8); phenylglyoxaleiythropoietin 
(Example 4); biotinylated EPO (Exanq)le 5); iodoeryfhropoietin (Exan:q)le 5); caibamylated 
EPO (Example 5); trinitrophenylated EPO; acetylated EPO (Example 5); succinylated EPO 
(Example S); EPO with modified arginine residues (Example 5); EPO with modified tyrosine 
residues (Example 5); EPO with modified glutamic acid and aapartic acid casboicyl gioxsps 
(Example 5); EPO with modified tryptophan residues (Example 5); EPO with amino groups 
removed (Example S); EPO with disulfide reduction and stabilization (Example S); and EPO 
subjected to limited chemical proteolysis (Example 5). 

8. Methods for chemical modifications of proteins were well established 
by December 29, 2000. For example, carbamylation of proteins is a technique that had been 
well-established for years. See, e.g., Plapp 1971, J. Biol. Chem 246:939-945. 
Carbamylation of EPO is also described at p. 80, //. 17-19 of the '841 application. 



^ A list of cited references and copies of the cited references are attached as 
AppemdixB. 
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9. Additioiial routme methods of cliemically modifying proteins are 
described, e.g., in Chemical Reagents for Protein Modification, R. L Limdblad (CRC Press: 
Boca Raton, Florida, 1991). For instance, Lundblad described mefliods of modifying 
cysteine residues and cleaving disulfide bonds (Chapters 6 and 7); methods of chemically 
modifying lysine residues of a protein (Chapter 10); methods of chemically modifying 
arginine residues of a protein (Chq)ter 1 1); and methods of chemically modifying tryptophan 
residues of a protein (Chapter 12). 

10. Moreover, in 1990, Satake described numerous methods of chemically 
modifydng EPO^ including guanidination, amidination, cafbamylation, trinitiophenylation, 
acetylation, succinylation, and nitration (Satake 1990, Biochimica et Biophysica Acta 
1038:125-29). 

11. Thus, by following the teachings in the '841 application, and by 
employing well-established techniques, a Molecular Physiologist would have been capable of 
modifying the structure of the EPO molecule to obtain the chemically modified E?0 
molecules. 

12. Once the Molecular Physiologist has produced the modified foxms of 
EPO in accordance with Oe '841 application and standard protocols, the Molecular 
Physiologist could ibm use routfaie, well-established assays to test these EPOs for (i) their 
exytfaropoietic activity (see section ID. ) and (ii) for their tissue-protective activity (see 
section IV.). 

m. Byo wrrgQOT brythrqpqibtic Acnvmr 

13. Routine assays for testing eiythropoietic activi^ were well-established 
by December 29, 2000. The so-caUed UT-7 assay, which measures the prolifsration of 
human leukemic cells, is an ^cample. See Leveque et al 1996, HematoL QncoL 14:137-146. 
Further, fidlure to bind to the exythrocyte eiythropoietin receptor is indicative of lack of 
erythropoietic activity (p. 78, //. 14-15, of &e '841 application). In addition, the '841 
application refers to Satake as an example of a referraice showing tiie lade of eiythropoietic 
activity of certain chemically modified forms of EPO. 
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14. Satake illustrates that it would have been routine for a Molecular 
Physiologist to test the erythropoietic activity of chemically modified EPOs. Specifically, 
Satake teaches that erythropoietic activity can be measured by determining the incorporation 
of ^^Fe into cultured rat bone marrow cells after incubation with particular chemically 
modified EPOs (p. 126, rt. col.). Satake further teaches that in vivo eiythropoietic activity 
can be measured using the exhypoxic polycythemic mouse bioassay (p. 126» rt coL). 

15. The Molecular Physiologist would have been familiar with the effects 
of particular chemical modifications on EPO's eiydiropoietic activity. Satake reported that 
modification of the lysine residues of EFO to neutral or negative charges, using known 
methods such as carbamyktion, trinitrophenylation, acetylation and succinylation, 
significantly reduced EPO's erythropoietic activity (Appendix B). Other modified forms of 
EPO, such as guanidinated EPO and amidinated EPO, in which the positive charges are not 
eliminated, are erythropoietic. In an even earlier study, Wojchowski noted that esterification 
of carboxylate groups and acylation of amino groups resulted in abrogation of EPO's 
erythropoietic activity. (Wojchowski 1989, Blood 74:952-58; cited at p. 79, //. 14-22 of the 
•841 application; Appendix B). Thus, the Molecular Physiologist could have appUed the 
insight provided by, e.g., Satake and Wojchowski to other chemical modifications. 

16. Thus, by following the teachiogs in the '841 application and by 
employing routine techniques and know-how, a Molecular Physiologist would have been 
capable of identifying chemically modified EPO molecules that fiul to increase hemogjlobin 
concentration and hematocrit. 

IV. EPO WITH TTSSUE-PRQTECnVE ACTIVITY AND RESPONSIVE CELLS. 

17. The '841 application describes the use of the P19 cell assay to test die 
tissue-protective activity of a con^und (see, p. 77, //. 7-18). Upon withdrawal of 
serum, P19 cells undergo apoptosis. The ability of a conxpound to prevent this serum- 
deprivation induced ceU death demonstrates die neuroprotective capacity of that compound. 
Similar assays for otiier cell types were well-known in tiie art For example, NMDA-mduced 
apoptosis in hippocampal neurons provides such an assay system. See, eg., Prehn 1994, 
PNAS 91:12599-12603. An assay for detemunmg the effect of oxydative stress in 
cardiomyoc^es was for example taught m Zorov (2000, J. Bxp, Med. 192:1001-1014). 
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18. These in vitro assays siinulate pathological conditions in vtvo^ and the 
results obtained in such in vitro systems are predictive of tissue-protective efBects of a 
compound in vivo. In particular, anti-apoptotic activity in tiie w vitro assays predicts anti- 
apoptotic activity in vivo. Since apoptotic cell death occurs under many diffeirat 
pathological conditions, an anti-apoptotic compound will have many therapeutic benefits. 

19. Examples of routine in vivo and ex vivo assays are also described in the 
*841 application. For instance, a Molecular Physiologist could follow the ex vivo assay 
described in Example 2 (at pages 74-75) to assess a particular chemically modified EPO for 
its utility in maintaining tiie fimction of a heart pr^ared for transplantation. A Molecular 
Physiologist could use the in vivo assay described in Example 3 (at pages 75-76) to assess a 
particular chemically modified EPO for protecting heart function during an ischemic event 
A Molecular Physiologist could use the in vivo rat focal ischemia model assay in Example 4 
(at pages 76-78) to assess the neuroprotective efifects of a chemically modified EPO 
following ischemia. Oth^ in vivo assays provided in the '841 application include the in vivo 
assay for cell protection following retinal ischemia (Example 6 at pages 84-85), tiie in vivo 
assay for restoration of cognitive function following brain injury (Example 7 at pages 84-85), 
and the in vivo kainate model for assessing neurotoxicity (Example 8 at page 85). Using the 
descriptions of these assays in the *841 application, a Molecular Physiologist could discern 
which assay is appropriate for testing the suitability of different chemically modified EPOs 
for the protection of a particular type of tissue from injury. 

20. Additional assays useful to a Molecular Physiologist for assessing the 
tissue-protective effects of a compound in different tissues were well-knowzL For example, 
the tissue-protective effect of a conq)ound on kidney cells can be tested in a model system for 
ischenna/ reperiusion injury (^.g., Ysebaert 2000, Nephrol. Dial Transplant 15:1562-74). 
Assays for evaluating the protective effect of a compound on heart tissue in vivo and m vitro 
were well-established in tiie art. See, Kajstura, Diabetes 50: 1414-1424. 

21. Lack of oxygen is the cause of tissue-damage in many different 
pathological conditions. Such ischCToic events can be simulated by occlusion of arteries in 
animal models. For exaniple, the three-vessel-occlusion model is used to recapitulate damage 
caused by stroke ^rines 2000, PNAS 97:10526-10531 (see MCA occlusion in Materials and 
M^ods)). The ischemic damage can be quantifiedby measuring the Gxbsat of the tissue 
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injioy, eg., the size offhe lesion, and by measurmg fiinctional pazBineters, e.g.f leanoing and 
memoiy, motor coordination etc. 

22. Other assays to assess the function of the central nervous system 
include tibe Morris water maze, which tests spatial memoiy C841 application Example 7, at p. 
84). Another well-established animal model system for testing the effects of a compound on 
&e function of &e nervous system is the "wobbler mouse" (Duchen 1968, J. NeuroL 
Neurosuig. Psychiat 3 1 :535-542). 

23 . Thus, once equipped with the teachings of the '841 application, the 
Molecular Physiologist, using mmly ordinary sldU, could identify chemically modified 
forms of EPO suitable for tissue-protection and enhancement of tissue function. 

V. SUCCESSFUL APPLTCATTON tiP THE METHODS OF THE '«41 APPT JrAirrON 

24. The following discussion shows that different chemically modified 
forms of EPO are indeed suitable for tissue-protection in a wide range of tissues and injuries. 

A. EPO Protects DifBsrent Tissues firom DifEsrent Injuries i ^t^^ rmpm yes Function 

25. Fiordaliso showed that non-erythropoietic, caibamylated EPO prevents 
^optosis in cardiomyocytes in cell culture (2005, PNAS 102:2046-2051). As predicted by 
this in vitro data, carbamylated EPO has cardioprotective activity during ischemia in the in 
vivo model of myocardial in&rction used in Fiordaliso. Fiordaliso demonstrated the 
cardioprotective effect by measuring functional parameters of the heart. Moon et al. 
demonstrated that carbamylated EPO protects cardiac tissue from toxin-induced and 
oxidative str^s (2005, J. Pharmacol Exp. Therapeutics 316:999-1005). In particular, on a 
cellular level, Moon showed the antiapoptotic efEect of carbamylated EPO on isolated 
cardiomyocytes and in the heart tissue of a rat model of myocardial ischemia. In addition, 
Moon demonstrated the unproved function of the heart. 

26. Imamuia demonstrated that carbamylated EPO protects kidneys in a rat 
anunal model fiom ischemia reperfiision injury (2006, Biochem Biophys Res Comm, in 
press). Imamura demonstrated antiapoptotic activity of carbamylated EPO in kidney tissue 
after ischemia-reperfiisiQn injury. In addition, Imamura demonstrated a greater regenerative 
effect in kidney tissue after ischemia-reperfusion injury due to treatment with carbamylated 
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EPO. Similarly, Okada showed that asialoEPO protected kidney function and prevented 
apoptosis in kidneys of ischemia/iepeifiision injury in mice (Transplantation 84(4):S04-510). 
Chong demonstrated that EPO protects endothelial cells from apoptosis caused by total lack 
of oxygen (2002, Circulation 106:2973-9). 

27. Leist demonstrated the neuroprotective effect of carbamylated EPO by 
showing that carbamylated EPO reduced NMDA-induced apoptosis in cultured hippocampal 
cells. Leist further demonstrated the carbamylated EPO is tissue protective in a rat stroke 
model, in a model for spinal cord injury, in a model for multq)le sclerosis (EAE), and in a 
model for diabetic neuropathy (2004, Science 305:239-242). Structural and functional 
measurem^ts were conducted to assay die protective effect of carbamylated EPO. Lesion 
volume was measured in the stroke model, motor function for Hie model for spinal cord 
injury, motor deficit in ^e model for multiple sclerosis, and withdrawal latency in the model 
for diabetic neuropathy. 

28. Similarly, Erbayraktar I and Eibayraktar n demonstrated the 
neuroprotective activity of a asialoEPO or carbamylated EPO, respectively, in animal models 
of different types of tissue-rajury: cerebrd isdiemia, spinal cord compression, sciatic nerve 
crush, and ladiation-induced necrosis (2003, PNAS 100:6741-6746; and 2006, Molecular 
Medicine 12:74-80). Schmidt showed fliat carbamylated EPO protected neurons in an animal 
model of diabetes fipom diabetes-induced neuritic dystrophy (2007, Exp. NeuroL, doi: 
10.1016/j.expneurol.2007.09.018). Wang demonstrated the neuroprotective effect of 
asioloEPO under hypoxia-isdiemia conditions in new-bom rats (L Neurochem., 2004, 
91:900-910) 

29. Villa demonstrated fliat carbamylated EPO protects against ischemic 
damage and improves postischemic neurological function as evaluated by motor fimction 
(2007, Journal of Cerebral Blood Flow & Metabolism 27:2SS-63). Similarly, Bianchi 
demonstrated that carbamylated EPO preserved the fimction of neurons in the peripheral 
nervous system after exposure of these neurons to a neurotoxic drug (2006, CUil Cancer Res. 
12(8):2607-2612). 

30. Mahmood demonstrated diat administration of carbamylated EPO 
improved spatial learning in the Morris water maze assay following traumatic brain injury 
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(2007, J. Neurosuig. 107:392-397), This data shows that chemically modified foims of EPO 
have a positive effect on the function of the nervous system. 

3 1 . Mennini et al demonstrated the beneficial effects of asialo-EPO and 
carbamylated EPO in the wobbler mouse (2006, Molecular Medicine 12:153-160). Both non- 
eiydiropoietic forms of EPO significantly improve tiie behavioral scores of wobbler mice in 
difference assays showing &at these forms of EPO can restore the function of the nervous 
system. 

32. These data show fhat chemically modified EPO protects tissues as 
different as heart tissue, kidney tissue, endo&elial tissue, and central nervous system tissue. 
Similarly, the type of injury from which these chemically modified EPO protect a given 
tissue range fiom ischemia, such as stroke and in&rction, toxin-induced stress, oxidative 
stress, rq}erfusion iqury, NMDA-induced apoptosis, spinal cord compression, sciatic nerve 
crush, and radiation-induced necrosis. Further, the beneficial effect of chemically modified 
EPO on tissue fimction has been demonstrated by evaluating motor fimction, spatial learning, 
and other behavioral parameters. 

B. Different Modified Forms of EPO 

33. In &e following paragraphs, exanq>les are provided that demonstrate 
&at different chemical modifications of EPO as taught in the *841 application indeed retain 
their tissue-protective activity. 

34. As discussed above, carbamylated EPO, a chemically modified, ncn- 
eiyfhiopoietic form of EPO has the tissue-protective and ftnTmnftiTig effects ftiat make it 
suitiible for use wilh the methods of the *841 application. 

35. In addition, several other chemically modified forms of EPO were 
generated in my laboratory and tested for their erythropoietic and tissue-protective effects, 
respectively. 

36. Carbamylated Aranesp®, a hyperglycos^ated form of EPO, was 
generated as described at p. 80, //. 17-19, of the '841 application. We demonstrated that this 
form of EPO was not erythropoietic by its failure to bind to the EPOR monomer. We also 
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demonstrated that this foim is tissue-protective by virtue of its protection of hippocampal 
cells in the assay of Prehn 1994 (Figure ID in Villa 2007). 

37. Succinylated EPO was generated as taught in the *841 application at p. 
81, //. 6-8. We demonstrated that this form of EPO was not erydnopoietic by its fidlure to 
bind to flie EPOR monomer and that this form is tissue-protective by virtue of its protection 
of P19 cells in the assay described at p. 77, //. 7-18, of the ^841 application. 

38. Caiboxymediylated EPO was generated by a method well-known by 
December 29, 2000 (Glomb and Monnier 1995, J. Biol. Chem. 270:10017-26 (cited in the 
'841 application at p. 32, last line, to p. 33, first line). We demonstrated that this form of EPO 
was not erythropoietic by its fidlme to bind to the EPOR monomer and that this form is 
tissue-protective in the tfaree-vessel-occhision model (Brines 2000, PNAS 97:10526-10531 
(see MCA occlusion in Matmals and Methods)). 

39. Carbam^ted-mcmppegylated EPO was generated by carbamylation as 
described in the '841 application (p. 80, //. 17-19; see also, Plapp). We demonstrated that this 
form of EPO was not eiyChiopoietic in the Ur-7 assay (Leveque 1996). We also showed that 
this fonn is tissue-protective by virtue of its protection of hq9K)can3pal cells in the dssay of 
Prehn 1994. 

40. Thus, different chemical modifications as tEnight in the '841 application 
were indeed found to lack erythropoietic activi^ while maintiiining tissue-protective activity. 

VL CQNgySTQN 

41. The data discussed above demonstrate that forms of EPO that were 
chemically modified in accordance witii the '841 application are indeed non-erytfaropoietic. 
The data fcirtb^ demonstrate that these forms of EPO are tissue-protective m different tissues 
and under different pathological conditions. These data further show that these forms of EPO 
restore function of tissues. The tests that were employed to verify these activities were well- 
established by Deconber 29, 2000 and tiiehr performance required merely what would have 
been ordinary skill in the art at that tune. 
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42. Jt is well-rBCognized that there are common mechanisms among 
various diseases impacting the function and viability of cells, tissues and organs. For 
example, in die case of neurodegeneiation, it has been noted that, irrespective of the primaiy 
causes of individual neurodegenerative diseases, it is the onset of oxidative stress resulting 
from free radical mechanisms that results in neuronal cell deadi and progression of the 
disease {see Jenner, 1996, Pathol. Biol (Paris), 44(l):57-64). Thus, the anti-apoptotic 
activity of the chemically modified forms of EPO will be therapeutically efficacious 
independent from the initial cause of the disorder. 

43. As I have discussed above, the metlK)ds claimed in the '841 application 
are supported by (1) the disclosure in the 'S41 ^plication; togedier with (2) routine 
techniques and know-how available to Molecular Physiologists as of December 29, 2000; 
moreover, the ability of a Molecular Physiologist to practice the claimed methods is clearly 
illustrated by the successful experiments in the peer-reviewed publications I have described 
hereirL Based on the foregoing, I am confident that a Molecular Physiologist, as of 
December 29, 2000, could have successfully practiced the methods claimed in the '841 
applicatioiL 
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44. I declare further that all statements made in this Declaration of my own 



knowledge are true, that all statements made on information and belief are beUeved to be 
true, and further that these statements are made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisoimient or both, imder 
Section 1001 of Title 18 of the United States Code and that such willful felse statements may 
jeopardize the validity of the application or any patent issuing thereon. 



Respectfully submitted. 





Michael L. Brines 



Attachments: 



Appradix A: Curriculum Vitae of Dr. Michael Brines, M.D., PhuD. 
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Departments of Biology and Physics, University of Notre Dame 

Education and Training 

1986-89 Postdoctoral Fellow, Training Program in Endocrinology & 
Neuroendocrinology 

1986-88 Postdoctoral Fellow, Training Program in Clinical Investigation 
Department of Internal Medicine, Yale University 

1 984-86 Intern and Resident, Department of Internal Medicine 
Yale-New Haven Hospital, New Haven, Connecticut 

1983 M. D., Yale University, New Haven, Connecticut 

1978 Ph. D., Neurobiology and Behavioral Science, 

The Rockefeller University, New York, New York 



1973 



B. S. (with highest honors), Physics and Biology, 
University of Notre Dame, Notre Dame, Indiana 
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Licensure and Board Certification 



1989 American Board of Endocrinology and Metabolism 

1988 American Board of Internal Medicine 

1985 State of Connecticut, Physician and Surgeon 

Professional Associations 

1993 The Pituitary Society 

1991 The Endocrine Society 

1 976 American Optical Society 

1 976 Society for Neuroscience 

1973 Sigma Xi 

Honors^ Awards and Visiting Professorships 

2003 1 1* Richard Stow Visiting Professor, Ohio State University 

1 99 1 Andrew Mellon Fellowship Award (Y ale University) 

1989 Epilepsy Foundation Fellowship 

1976 The Albert Cass Traveling Fellowship (Princeton University) 

1973 Phi Beta Kappa 

1 967 Ford Future Scientist of America 



Issued U.S, Patents 

Tissue protection: 653 1121: Protection and enhancement of 
eiythropoietein-responsive cells, tissues and organs. 

Novel drug delivery systems: 6S691S2 & 7090861: Sustained release 
delivery systems for solutes 

Advanced gfycosyiation endproduct therapeutics: 67130S0 & 6777557 
& 7022721: Me^od and composition for rejuvenating cells, tissues, 
organs, hair and nails. 

Primary Manuscripts (* key recent publications) 

Villa P, van Beek J, Larsen AK, Gerwien J, Christensen S, Cerami A, Brines M, 
Leist M, Ghezzi P, Torup L. (2007) Reduced functional deficits, 
neuroinflammation, and secondary tissue damage after treatment of stroke 
by nonerythropoietic erythropoietin derivatives. J Cereb Blood Flow 
Metabll: 552-563. 

Mennini T, De Paola M, Bigini P, Mastrotto C, Fumagalli E, Barbera S, Mengozzi M, 
Viviani B, Corsini E, Marinovich M, Torup L, Van Beek J, Leist M, 
Brines M, Cerami A, Ghezzi P. (2006) Nonhematopoietic erythropoietin 
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derivatives prevent motoneuron degeneration in vitro and in vivo. Mol 
Med (Cambridge, Mass 12: 153-160. 

Fantacci M, Bianciardi P, Caretti A, Coleman TR, Cerami A, Brines M, Samaja M. 
(2006) Carbamylated erythropoietin ameliorates die metabolic stress 
induced in vivo by severe chronic hypoxia. Proc Natl Acad Sci USA 
103: 17531-17536. 

Erbayraktar S, de LaneroUe N, de Lotbiniere A, Knisely JP, Erbayraktar Z, Yihnaz O, 
Cerami A, Coleman TR, Brines M. (2006) Carbamylated erythropoietin 
reduces radiosurgically-induced brain injury. Molecular medicine 
(Cambridge, Mass 12: 74-80. 

*Coleman TR, Westenfelder C, Togel FE, Yang Y, Hu Z, Swenson L, Leuvenink 

HG, Ploeg RJ, d'Uscio LV, Katusic ZS, Ghezzi P, Zanetti A, Kaushansky 
K, Fox NE, Cerami A, Brines M. (2006) Cytoprotective doses of 
erythropoietin or carbamylated erythropoietin have markedly different 
procoagulant and vasoactive activities. Proc Natl Acad Sci USA 103: 
5965-5970. 

Grasso G, Sfacteria A, Erbayraktar S, Passalacqua M, Meli F, Gokmen N, Yilmaz O, 
La Tome Buemi M, lacopino DG, Coleman T, Cerami A, Brines M, 
Tomasello F. (2006) Amelioration of spinal cord compressive injury by 
pharmacological preconditioning with erythropoietin and a 
noneiytfaropoietic erythropoietm derivative. Journal of neurosurgery 4: 
310-318. 

Bianchi R, Brines M, Lauria G, Savino C, Gilardini A, Nicolini G, Rodriguez- 
Menendez V, Oggioni Canta A, Penza P, Lombardi R, Minoia C, 
Ronchi A, Cerami A, Ghezzi P, Cavaletti G. (2006) Protective effect of 
eiythropoietin and its carbamylated derivative in experimental Cisplatin 
peripheral neurotoxicity. Clin Cancer Res 12: 2607-2 

Savino C, Pedotti R, Baggi F, UbiaU F, Gallo B, Nava S, Bigini P, Barbera S, 

Fumagalli E, Mennini T, Vezzani A, Rizzi M, Coleman T, Cerami A, 
Brines Ghezzi P, Bianchi R. (2006) Delayed administration of 
erythropoietin and its non-erythropoietic derivatives ameliorates chronic 
murine autoimmune encephalomyelitis. J Neuroimmunol 111: 27-37. 

Moon C, Krawczyk M, Paik D, Coleman T, Brines M, Juhaszova M, SoUott S, 

Lakatta EG, Talan NO. (2006) Erythropoietin, modified to not stimulate 
red blood cell production, retains its cardioprotective properties. J 
Pharmacol Exp Then 999-1005. 

Grasso G, Sfacteria A, Passalacqua M, Morabito A, Buemi M, Maori B, Brines M, 

Tomasello F. (2005) Erythropoietin and erythropoietin receptor expression 
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after experimental spinal cord injury encourages therapy by exogenous 
erythropoietin. Neurosurgery 56: 821-827; discussion 821-827. 

Gorio A, Madaschi L, Di Stefano B, Carelli S, Di Giulio AM, De Biasi S, Coleman T, 
Cerami A, Brines M. (2005) Methylprednisolone neutralizes the 
beneficial effects of erythropoietin in experimental spinal cord injury. 
Proc Natl Acad Sci USA 102: 16379-16384. 

Fiordaliso F, Chimenti S, Staszewsky L, Bai A, Carlo E, Cuccovillo I» Doni 

Mengozzi M, Tonelli R, Ghezzi P, Coleman T, Brines M, Cerami A, 
Latini R. (2005) A nonerythropoietic derivative of erythropoietin protects 
the myocardium from ischemia-reperfusion injury. Proc Natl Acad Sci U S 
A 102: 2046-2051. 

*Leist M, Ghezzi P, Grasso G, Bianchi R, Villa P, Fratelli M, Savino C, Bianchi M, 
Nielsen J, Gerwien J, Kallunki P, Larsen AK, Helboe L, Christensen S, 
Pedersen LO, Nielsen M, Torup L, Sager T, Sfacteria A, Erbayraktar S, 
Erbayraktar Z, Gokmen N, Yilmaz O, Cerami-Hand C, Xie QW, Coleman 
T, Cerami A, Brines M. (2004) Derivatives of erythropoietin that are 
tissue protective but not erythropoietic. Science 305: 239-242. 

Grasso G, Sfacteria A, Brines M, Tomasello F. (2004) A new computed-assisted 

technique for experimental sciatic nerve ftmction analysis. Med Sci Monit 
10: BRl-3. 

Eid T, Brines M, Cerami A, Spencer DD, Kim JH, Schweitzer JS, Ottersen OP, de 
LaneroUe NC. (2004) Increased expression of erythropoietin receptor on 
blood vessels in the himian epileptogenic hippocampus with sclerosis. J 
Neuropathol Exp Neurol 63: 73-83. 

Ehrenreich H, Degner D, Meller J, Brines M, Behe M, Hasselblatt M, Woldt H, 

Falkai P, Knerlich F, Jacob S, von Ahsen N, Maier W, Bruck W, Ruther 
E, Cerami A, Becker W, Siren AL. (2004) Erythropoietin: a candidate 
compound for neuroprotection in schizophrenia. Mol Psychiatry 9: 42-54. 

*Brines M, Grasso G, Fiordaliso F, Sfacteria A, Ghezzi P, Fratelli M, Latini R, Xie 
QW, Smart J, Su-Rick CJ, Pobre E, Diaz D, Gomez D, Hand C, Coleman 
T, Cerami A. (2004) Erythropoietin mediates tissue protection through an 
erythropoietin and common beta-subunit heteroreceptor. Proc Natl Acad 
Sci USA 101: 14907-14912. 

Bianchi R, Buyukakilli B, Brines M, Savino C, Cavaletti G, Oggioni N, Lauria G, 

Borgna M, Lombardi R, Cimen B, Comelekoglu U, Kanik A, Tataroglu C, 
Cerami A, Ghezzi P. (2004) Erythropoietin both protects from and 
reverses experimental diabetic neuropathy. Proc Natl Acad Sci US A lOl: 
823-828. 
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Villa P, Bigini P, Mennini T, Agnello D, Laragione T, Cagnotto A, Viviani B, 
Marinovich M, Cerami A, Coleman TR, Brines M, Ghezzi P. (2003) 
Erythropoietin selectively attenuates cytokine production and 
inflammation in cerebral ischemia by targeting neuronal apoptosis. J Exp 
Med\9%: 971-975. 

*Erbayraktar S, Grasso G, Sfacteria A, Xie QW, Coleman T, Kreilgaard M, Torup L, 
Sager T, Erbayraktar Z, Gokmen N, Yihnaz O, Ghezzi P, Villa P, Fratelli 
M, Casagrande S, Leist M, Helboe L, Genvein J, Christensen S, Geist 
MA, Pedersen LO, Cerami-Hand C, Wuerth JP, Cerami A, Brines M. 
(2003) Asialoeiytfaropoietin is a nonerythropoietic cytokine with broad 
neuroprotective activity in vivo. Proc Natl Acad Set U SA 100: 6741- 
6746. 

Calvillo L, Latini R, Kajstuia J, Leri A, Anversa P, Ghezzi P, Salio M, Cerami A, 
Brines M. (2003) Recombinant human erythropoietin protects the 
myocardium from ischemia-reperfiision injury and promotes beneficial 
remodeling. Proc Nail Acad Sci USA 100: 4802-4806. 

Junk AK, Mammis A, Savitz SI, Singh M, Roth S, Malhotra S, Rosenbaum PS, 
Cerami A, Brines M, Rosenbaum DM. (2002) Erythropoietin 
administration protects retinal neurons from acute ischemia-reperfusion 
injury. Proc Natl Acad Sci USA 99: 10659-10664. 

*Gorio A, Gokmen N, Erbayraktar S, Yilmaz O, Madaschi L, Cichetti C, Di Giulio 
AM, Vardar E, Cerami A, Brines M. (2002) Recombinant human 
erythropoietin counteracts secondary injury and markedly enhances 
neurological recovery from experimental spinal cord trauma. Proc Natl 
Acad Sci USA 99: 9450-9455. 

♦Ehrenreich H, Hasselblatt M, Dembowski C, Cepek L, Lewczuk P, Stiefel M, 

Rustenbeck HH, Breiter N, Jacob S, Knerlich F, Bohn M, Poser W, Ruther 
E, Kochen M, Gefeller O, Gleiter C, Wessel TC, De Ryck M, Itri L, 
Prange H, Cerami A, Brines M, Siren AL. (2002) Erythropoietin therapy 
for acute stroke is both safe and beneficial. Mol Med 8: 495-505. 

Chatterjee O, Nakchbandi lA, Philbrick WM, Dreyer BE, Zhang JP, Kaczmarek LK, 
Brines M, Broadus AE. (2002) Endogenous parathyroid hormone-related 
protein functions as a neuroprotective agent. Brain Res 930: 58-66. 

Celik M, Gokmen N, Erbayraktar S, Akhisaroglu M, Konakc S, Ulukus C, Gene S, 
Gene K, Sagiroglu E, Cerami A, Brines M. (2002) Erythropoietin 
prevents motor neuron apoptosis and neurologic disability in experimental 
spinal cord ischemic injury. Proc Natl Acad Sci USA 99: 2258-2263. 
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Agnello D, Bigini P, Villa P, Mennini T, Cerami A, Brines M, Ghezzi P. (2002) 

Erytbropoietin exerts an anti-inflanunatoiy effect on the CNS in a model 
of experimental autoimmune encephalomyelitis. Brain Res 952: 128-134. 

Vaitkevicius PV, Lane M, Spurgeon H, Ingram DK, Roth GS, Egan JJ, Vasan S, 

Wagie DR, Ulrich P, Brines M, Wuerth JP, Cerami A, Lakatta EG. (2001) 
A cross-link breaker has sustained effects on arterial and ventricular 
properties in older rhesus monkeys. Proc Natl AcadSci USA9ZA 171- 
1175. 

*Siren AL, Fratelli M, Brines M, Goemans C, Casagrande S, Lewczuk P, Keenan S, 
Gleiter Pasquali C, Capobianco A, Mennini T, Heumann R, Cerami A, 
Ehrenreich H, Ghezzi P. (2001) Erythropoietin prevents neuronal 
apoptosis after cerebral ischemia and metabolic stress. Proc Natl Acad Sci 
USA 98: 4044-4049. 

^Brines M, Ghezzi P, Keenan S, Agnello D, de LaneroUe NC, Cerami C, Itri LM, 

Cerami A. (2000) Erythropoietin crosses the blood-brain barrier to protect 
against experimental brain injury. Proc Natl Acad Sci USA97: 10526- 
10531. 

Asif M, Egan J, Vasan S, Jyothirmayi GN, Masurekar MR, Lopez S, Williams C, 

Torres RL, Wagle D, Uhich P, Cerami A, Brines M, Regan TJ. (2000) An 
advanced glycation endproduct cross-link breaker can reverse age-related 
increases in myocardial stif&ess. Proc Natl Acad Sci U SA 97: 2809- 
2813. 

Brines M, Ling Z, Broadus AE. (1999) Parathyroid hormone-related protein protects 
against kainic acid excitotoxicity in rat cerebellar granule cells by 
regulating L-type channel calcium flux. NeurosciLett 274: 13-16. 

Brines M, Broadus AE. (1999) Parathyroid hormone-related protein markedly 

potentiates depolarization-induced catecholamine release in PC 12 cells via 
L-type voltage-sensitive Ca2+ channels. Endocrinology 140: 646-651. 

Borg MA, Borg WP, Tamborlane WV, Brines M, Shubnan GI, Sherwin RS. (1999) 
Chronic hypoglycemia and diabetes impair counterregulation induced by 
localized 2-deoxy-glucose perfiision of the ventromedial hypothalamus in 
rats. Diabetes 48: 584-587. 

Yavari R, Adida C, Bray- Ward P, Brines M, Xu T. (1998) Human metalloprotease- 
disintegrin Kuzbanian regulates sympathoadrenal cell fate in development 
and neoplasia. Hum Mol Genet 7: 1161-1 167. 



Xie H, Brines M, de Lanerolle NC. (1998) Transcripts of the transposon mariner are 
present in epileptic brain. Epilepsy Res 32: 140-153. 
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de Lanerolle NC, Eid T, von Campe G, Kovacs I, Spencer DD, Brines M. (1998) 
Glutamate receptor subunits GluRl and GluR2/3 distribution shows 
reorganization in the human epileptogenic hippocampus. EurJNeurosci 
10: 1687-1703. 

de Lanerolle NC, Williamson A, Meredith C, Kim JH, Tabuteau H, Spencer DD, 

Brines M. (1997) Dynorphin and the kappa 1 ligand [3H]U69,593 binding 
in the human epileptogenic hippocampus. Epilepsy Res 28: 189-205. 

Brines M, Sundaresan S, Spencer DD, de Lanerolle NC. (1997) Quantitative 

autoradiographic analysis of ionolropic glutamate receptor subtypes in 
human temporal lobe epilepsy: up-regulation in reorganized epileptogenic 
hippocampus. EurJNeurosci 9: 2035-2044. 

Holt EH, Broadus AE, Brines M, (1996) Parathyroid hormone-related peptide is 
produced by cultured cerebellar granule cells in response to L-type 
voltage-sensitive Ca2+ channel flux via a Ca2+/calinodulin-dependent 
kinase pathway. J Biol Chem 271 : 28 105-281 1 1 . 

de Lanerolle NC, Gunel M, Sundaresan S, Shen MY, Brines M, Spencer DD. (1995) 
Vasoactive intestinal polypeptide and its receptor changes in human 
temporal lobe epilepsy. Brain Res 686: 182-193. 

Brines M, Tabuteau H, Sundaresan S, Kim J, Spencer DD, de Lanerolle N. (1995) 
Regional distributions of hippocampal Na+,K(+)-ATPase, cytochrome 
oxidase, and total protein in temporal lobe epilepsy. Epilepsia 36: 371- 
383, 

Brines M, Dare AO, de Lanerolle NC. (1995) The cardiac glycoside ouabain 
potentiates excitotoxic injury of adult neurons in rat hippocampus. 
NeurosciLett 191: 145-148. 

Borg WP, During MJ, Sherwin RS, Borg MA, Brines M, Shuhnan GL (1994) 

Ventromedial hypothalamic lesions in rats suppress counterregulatory 
responses to hypoglycemia. J Clin Invest 93: 1677-1682. 

de Lanerolle NC, Brines M, Kim JH, Williamson A, Philips MF, Spencer DD. (1993) 
Neurochemical remodelling of the hippocampus in human temporal lobe 
epilepsy. In: G. Avanzini ea (ed.) Molecular Neurobiology of Epilepsy^ pp. 
205-220. 

de Lanerolle N, Brines M, Williamson A, Kim J, Spencer D. (1993) 

Neurotransmitters and their receptors in human temporal lobe epilepsy. In: 
Ribak C, Gall C, Mody I (eds.) The Dentate Gyrus and its role in 
Seizures,, pp. 235-250. 
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Brines M, Robbins RJ. (1993) Cell-type specific expression of Na+, K(+)-ATPase 
catalytic subunits in cultured neurons and glia: evidence for polarized 
distribution in neurons. Brain Res 63 1 : 1 - 1 1 . 

Brines M, Robbins RJ. (1993) Glutamate up-regulates alpha 1 and alpha 2 subunits 
of the sodium pump in astrocytes of mixed telencephalic cultures but not 
in pure astrocyte cultures. Brain Res 63 1 : 1 2-2 1 . 

Zahler R, Brines M, Kashgarian M, Benz EJ, Jr., Gilmore-Hebert M. (1992) The 
cardiac conduction system in the rat expresses the alpha 2 and alpha 3 
isoforms of theNa+,K(+)-ATPase. Proc Natl Acad Sci USA 89: 99-103. 

Schmauss C, Brines M, Lemer MR. (1992) The gene encoding the small nuclear 
ribonucleoprotem-associated protein N is expressed at high levels in 
neurons. J Bio! Chem 267: 8521-8529. 

Kolansky DM, Brines M, Gihnore-Hebert M, Benz EJ, Jr. (1992) The A2 isofonn of 
ratNa+,K(+)-adenosine triphosphatase is active and exhibits high ouabain 
affinity when expressed in transfected fibroblasts. FEBSLett 303: 147- 
153. 

de LaneroUe NC, Brines M, Kim JH, Williamson A, Philips MF, Spencer DD. (1992) 
Neurochemical remodelling of the hippocampus in human temporal lobe 
epilepsy. Epilepsy Res Suppl 9: 205-219; discussion 220. 

de LaneroUe NC, Brines M, Williamson A, Kim JH, Spencer DD. (1992) 

Neurotransmitters and their receptors in human temporal lobe epilepsy. 
Epilepsy Res Suppl 7: 235-250. 

Brines M, Robbins RJ. (1992) Inhibition of alpha 2/alpha 3 sodium pump isoforms 
potentiates glutamate neurotoxicity. Brain Res 591: 94-102. 

Robbins RJ, Brines M, Kim JH, Adrian T, de LaneroUe N, Welsh S, Spencer DD. 

(1991) A selective loss of somatostatin in the hippocampus of patients 
with temporal lobe epilepsy. Ann Neurol 29: 325-332. 

Isales CM, Barrett PQ, Brines M, Bollag W, Rasmussen H. (1991) Parathyroid 

hormone modulates angiotensin Il-induced aldosterone secretion fit>m the 
adrenal glomerulosa cell. Endocrinology 129: 489-495. 

Brines M, Gulanski BI, Gilmore-Hebert M, Greene AL, Benz EJ, Jr., Robbins RJ. 

(1991) Cytoarchitectural relationships between [3H]ouabain binding and 
mRNA for isoforms of the sodium pump catalytic subunit in rat brain. 
Brain Res Mol Brain Res 10: 139-150, 
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Weir EC, Brines M, Dceda K, Burtis WJ, Broadus AE, Robbins RJ. (1990) 

Parathyroid hormone-related peptide gene is e}q)ressed in the mammalian 
central nervous system. Proc Natl AcadSci USA 87: 108-1 12. 

Thiede MA, Daifotis AG, Weir EC, Brines M, Burtis WJ, Ikeda K, Dreyer BE, 
Garfield RE, Broadus AE, (1990) Intrauterine occupancy controls 
expression of the parathyroid hormone-related peptide gene in preterm rat 
myometrium. Proc iVarf^ca^ 5c/ USA%1: 6969-6973. 

Orlofif JJ, Wu TL, Heath HW, Brady TG, Brines M, Stewart AF. (1989) 

Characterization of canine renal receptors for the parathyroid hormone- 
like protein associated with humoral hypercalcemia of malignancy. J Biol 
ChemKA: 6097-6103. 

Dworldn B, Miller N£, Dworkin S, Birbaumer N, Brines M, Jonas S, Schwaitker 
EP, Graham J J. (1985) Behavioral method for the treatment of idiopathic 
scoliosis. Proc Natl AcadSci USA 82: 2493-2497. 

Brines M, Gould J. (1982) Skylight polarization patterns and animal orientation. J. 
Exp. Biol. 96: 69-91. 

Gould J, Kirschvink J, Defieyes K, Brines M . (1980) Magnetic field sensitivity: bees 
do not employ a permanent magnet detector. J. Exp, Biol 86: 1-8. 

Brines M. (1980) Dynamic pattems of skylight polarization as clock and compass. J 
TheorBiol 86: 507-512. 

Dworkin B, Miller N, Brines M. (1979) Visceral learning and homeostasis. 
Proceedings of the Joint Automatic Control Conference. 

Brines M, Gould J. (1979) Bees have rules. Science 206: 571-573. 

Brines M. (1978) Skylight polarization pattems as cues for honey bee orientation: 
physical measurements and behavioral experiments. The Rockefeller 
University, New York, 378 pp. 

Invited Reviews 

Brines M, Cerami A. (2006) Discovering erythropoietin's extra-hematopoietic 
functions: biology and clinical promise. Kidney Internal 70: 246-250. 

Brines M, Cerami A. (2006) Tissue-protective cytokines in spinal cord injury: 
Challenges for a novel neuroprotective strategy. In: Hoke A (ed.) 
Erythropoietin and the Nervous System: Novel Therapeutic Options for 
Neuroprotection. Springer, New York, pp. 147-164. 
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Brines M, Cerami A. (2005) Emerging biological roles for erythropoietin in the 
nervous system. Nat Rev Neurosci 6: 484-494. 

Grasso G, Sfacteria A, Cerami A, Brines M. (2004) Erythropoietin as a tissue- 
protective cytokine in brain injury: What do we know and were do we go? 
The Neuroscientist 10: 93-98. 

Grasso G, Brines M. (2004) From erythropoiesis to a rational neuroprotective 
ttierapeutic strategy and beyond. J. Supportive Oncol 2: 44-45. 

Ghezzi P, Brines M. (2004) Erythropoietin as an antiapoptotic, tissue-protective 
cytokine. Cell Death Differ 11 Suppi 1: S37-44, 

Coleman Brines M. (2004) Science review: recombinant human erythropoietin in 
critical illness: a role beyond anemia? Crit Care 8: 337-341. 

Cerami A, Brines M, Cerami C. (2004) Epoietin alfa has potential efficacy in central 
nervous system disorders. Eur. J. Cancer 2: 29-35. 

Erbayraktar S, Yilmaz O, Gokmen N, Brines M. (2003) Erythropoietin Is a 

Multifunctional Tissue-protective Cytokine. CurrHematol Rep 2: 465- 
470. 

Eid T, Brines M. (2002) Recombinant human erythropoietin for neiiroprotection: 
what is the evidence? Clin Breast Cancer 3 Suppl 3: S109-1 15. 

Cerami A, Brines M, Ghezzi P, Cerami C, Itri LM. (2002) Neuroprotective 

properties of epoetin alfa. Nephrol Dial Transplant 17 Suppl 1: 8-12. 

Brines M . (2002) What evidence supports use of erythropoietin as a novel 
neurotherapeutic? Oncology (Huntingt) 16: 79-89. 

Cerami A, Brines ML, Ghezzi P, Cerami CJ. (2001) Effects of epoetin alfa on the 
central nervous system. Semin Oncol 28: 66-70. 

de LaneroUe NC, Kim JH, Brines ML. (1994) Cellular and Molecular Alterations in 
Partial Epilepsy. Clin, Neurosci, 2: 64-81. 

de LaneroUe N, Magge S, Philips M, Trombley P, Spencer D, Brines M. (1994) 

Adaptive changes of epileptic human temporal lobe tissue: properties of 
neurons and glia. In: Wolf P (ed.) Seizures and Syndromes in Epilepsy. J. 
Libby and Company Ltd., London, pp. 431-448. 
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Clinical PubUcations 

Inzucchi S, Brines M. (1997) Pheochromocytoma. In: Oilman S, Goldstein G, 
Waxman S (eds.) Neurobase, Arbor Publishing, La JoUa, CA. 

Inzucchi S, Brines M. (1997) Syndrome of Inappropriate Antidiuresis. In: Oilman S, 
Goldstein 0, Waxman S (eds.) Neurobase. Arbor Publishing, La Jolla, 
CA. 

Brhies M. (1997) Diabetes Insipidus. In: Oilman S, Goldstein G, Waxman S (eds.) 
Neurobase, Arbor Publishing, La Jolla, CA. 

Brines M. (1997) Sheehan's Syndrome. In: Oilman S, Goldstein G, Waxman S (eds.) 
Neurobase. Arbor Publishing, La Jolla, CA. 

Wallace EA, Brines M, Kinder BK, de Lotbiniere AC. (1996) Clinical case seminar: 
Cushing's syndrome in an elderly woman with large thyroid and pituitary 
masses. J Clin Endocrinol Metab 81 : 453-456. 

Brines M. (1995) Pituitary Apoplexy. In: Oihnan S, Goldstein 0, Waxman S (eds.) 
Neurobase. Arbor Publishing, La Jolla, CA. 

Brines M. (1995) Hypopituitarism. In: Oilman S, Goldstein G, Waxman S (eds.) 
Neurobase. Arbor Publishing, La Jolla, CA. 

Kom EA, Gaich G, Brines M, Carpenter TO. (1994) Thyrotropin-secreting adenoma 
in an adolescent girl widiout increased serum thyrotropin-alpha. Horm Res 
42: 120-123. 

Bohler HC, Jr., Jones EE, Brines M. (1994) Marginally elevated prolactin levels 

require magnetic resonance imaging and evaluation for acromegaly. Fertil 
Steril 61: 1168-1170. 
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Cbntributed by Anthony cerami. July 25. 2000 

Erythropoietin (ERG), recognized for its central role In erytliropoiesisi, 
also mediates neuroprotection when tiie recombinant form (r-Hu- 
EPO) is directly injected into ischemic rodent brain. We observed 
alMindant expression of the EPO receptor at brain capillaries, whidi 
could provide a route for circulating EPO to enter the brain. In 
confirmation of this hypothesis, systemic administration of r-Hu-EPO 
before or up to 6 h after focal brain ischemia reduced injury by 
~50-75%. R-Hu-EPO also ameliorates the extent of concussh^e brain 
injury, the immune damage In experimental autoimmune encepha- 
lomyeiitiSr and the toxicity of Icainate. Gh^en r-Hu-EPCs excellent 
safety profile, clinical trials evaluating systemically administered r-Hu- 
EPO as a general neuroprotective treatment are warranted. 

Erythropoietin (EPO) and its receptor (EPO-R) function as 
primary mediators of the normal physiologic response to 
hypoxia. EPO, a glycoprotein that increases red ceU mass to 
improve tissue oxygenation, is produced by the kidney in re- 
sponse to hypoxia. Recombinant human EPO (r-Hu-EPO) is 
effective and widely used for the treatment of anemia associated 
with renal failure, HIV infection, cancer, and surgery. However, 
like other members of the cytokine superfamily to which EPO 
and its receptor belong, both are expressed by other tissues, 
including the nervous system. Similar to its regulation in the 
periphery, EPO within the central nervous ^tem is inducible by 
hypoxia (1-4). An in vivo neuiopiotective function for EPO has 
been demonstrated by the observation that direct intracere- 
braventricular injection of r-Hu-EPO in advance of hypoxic/ 
ischemic stress offers significant protection of neuronal tissue 
(5-7). A critical neuroprotective role for endogenous EPO in the 
central nervous system has been conflrmed by the administration 
of soluble EPO-R, which neutralizes EPO, consequently exac- 
erbating ischemic stress and increasing tissue injury (7). 

Hypoxia may not be the only relevant stimulus for brain EPO 
production, however, as metabolic disturbances, including hypogly- 
cemia and strong neuronal depolarization, generate mitochondrial 
reactive oxygen species that may increase brain EPO expression 
through h)poxia inducible factor 1 (8). EPO may thus protect 
nervous tissue under any condition characterized by a relative 
deficiency of ATP in the fece of increased metabolic demands. EPO 
has been shown to odiibit classic neurotrophic effects in vivo and in 
vitro (2, 9-11). The mechanism of action of EPO in erythro]X)iesis, 
neuroprotection, and neurotrophic effects ultimately may involve 
activation of the bc]-x family of antiapoptotic genes, promoting 
survival rather than apoptosis (12-14). 

Despite the demonstrated benefit of intrathecally administered 
r-Hu-EPO in preventing ischemic neuronal damage, direct delivery 
of r-Hu-EPO into the brain is not a practical approach in most 
clinical contexts. Systemic delivery of r-Hu-EPO has not been 
evaluated because of the perception that the brain EPO system is 
parallel and distinct from the control of peripheral hemoglobin 
levels. However, this concept is based on the untested assumption 
that the blood-brain barrier (BBB) effectively excludes large 
glycosylated molecules such as EPO (1, 6, 7, IS, 16). Altiiough in tl^ 
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classic view the BBB is considered to be impermeable to laige 
molecules, recent study clearly establishes that some large mole- 
cules can be specifically transported into the brain across the 
capillary endothelium (17-19) to affect brain function. Specific 
vectorial movement of macromolecules into the brain parenchyma 
begins by binding to receptors present on the luminal surfaces of the 
endothelial cells. This initiates endocytosis, followed by transloca- 
tion across the BBB (reviewed in ref. 20). Using immunohisto- 
chemistry, we observed that the EPO-R is abundantly expressed at 
brain capillaries. Thus, we hypothesized that systemically adminis- 
tered r-Hu-£PO would be transported across the BBB, and if so, 
generally would defend against brain injury. In the present report 
we describe the ability of systemically administered r-Hu-EPO to 
function as a neuroprotective agent in animal models of focal brain 
ischemia, concusshre brain injury, experimental autoimmune en- 
cephalomyelitis (EAE), and kamate-induced seizures. 

Materials and Methods 

Reagents. The r-Hu-EPO used is a human 165-aa glycoprotein 
manufactured by using recombinant DNA technology, which 
contains the identical amino acid sequence of isolated natural 
EPO and possesses the same biologic activity (21, 22). R-Hu- 
EPO is approximately 80% homologous to rodent EPO, and it 
has been shown to be biologically active in rodents for erythro- 
poietic as well as neurotrophic functions. Although an immune 
response against human antigens can be elicited in rodents, it 
requires several weeks to obtain even a weak response (data not 
shown) and thus is not important in the context of these 
short-term studies. All experiments were performed by using 
r-Hu-EPO (Epoetin alfa, Procrit, Ortho Biotech, Raritan, NJ), 
which is formulated as a sterile, coloriess liquid in an isotonic 
sodium chloride/sodium citrate or a sodium chloride/sodium 
PBS with added 1.25% human albumin. 

EPO Assay. R-Hu-EPO concentrations in mouse serum obtained 
by serial phlebotomy via the orbital sinus were determined by 
using a commercially available enzyme-linked immunosorbent 
assay (Immunobiological Laboratories, Hamburg, Germany) 
following the manufacturer's protocol. The lower limit of de- 
tection was *«2 miUiunits/ml. 

Biotinylation of R-Hu-EPO. R-Hu-EPO was isolated from the al- 
bumin present in the clinical material by using cibacron blue 
colunms (Aff, Gel Blue, Bio-Rad) followed by molecular weight- 
selective spin columns (Centricon, Miliipore). Isolated r-Hu- 
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EPO then was biotinylated by using a commercially available kit 
(Boehringer Mannheim). Briefly, 0.2 mg of a long arm biotin 
(Vector Laboratories) was dissolved in 100 /il of DMSO. TTiis 
solution was added to the concentrated r-Hu-EPO solution and 
vortexed immediately. The mixture then was incubated at room 
temperature for 4 h protected from light with aluminum foil, 
while gently stirring. The unbound biotin was removed from this 
solution by using a Centricon-10 column. Confirmation of 
successful biotinylation and separation of r*Hu-£PO was con- 
firmed by visualizing an «»34-kDa product after electrophoresis 
in a 6% agarose gel by using a streptavidin-biotin peroxidase kit 
(Vectostain, Vector Laboratories). 

Immunodiemistfy. Human hippocampal specimens with adjacent 
white matter and temporal cortex were freshly isolated as 0.5-cm 
blocks cut from surgical specimens obtained during margin 
resection for temporal lobe tumors or vascular malformations. 
These were immediately postfixed by 5% acriline in 0.1 M 
phosphate buffer, pH 7.4 for 3 h. Sections for histological 
analyses were cut with a vibrating microtome (Vibratome, Ted 
Paella, Redding, CA) at 40 fim thick. We previously have shown 
that these sections are anatomically normal (23). Immunohisto- 
chemical staining was performed as described (24) by using free 
floating sections and the indirect antibody peroxidase- 
antiperoxidase method with a 1:500 dilution EPOR antiserum 
(Santa Cruz Biotechnology). Tissue controls by antibody omis- 
sion and antibody specificity controls by use of the appropriate 
blocking peptide (Santa Cruz Biotechnology) also were carried 
out to confirm that staining was specific for EPO-R. Endogenous 
peroxidase activity was quenched by pretreatment of tissue 
sections with hydrogen peroxide (3% in methanol for 30 min). 
These antibodies have been previously validated for study of 
human tissue (2, 25). Cytochemical localization of biotinylated 
r-Hu-EPO in sections of perfused mouse brain was visualized by 
methodology similar to the immunocytochemistry, except for 
elimination of primary and secondary antibodies. 

Animal Experimentation. Procedures involving animals and their 
care were conducted in conformity with the institutional guide- 
lines that are in compliance with Italian and international laws 
and policies. Specific protocols were approved by the Animal 
Use and Care Committee of the Kenneth S. Warren Laborato- 
ries. All statistics were computed by using the analysis program 
JMP (SAS Institute, Cary, NC). 

Middle Cerebral Artery <MCA) Occlusion. Sprague-Dawley male rats 
weighing ^250 g were anesthetized with pentobarbital [60 mg/kg 
boc|y weight (BW)]. Body core temperanire was thermostatically 
maintained at 3T*C by using a water blanket and a rectal thermistor 
(Harvard Apparatus) for the duration of the anesthesia. The carotid 
arteries were visualized, and the right carotid was occluded by two 
sutures and cut A burr hole adjacent and rostral to the right orbit 
allowed visualization of the MCA, which was cauterized distal to the 
rhinal artery. Animals then were positioned on a stereotaxic frame. 
To produce a penumbra surrounding this fixed MCA lesion, the 
contralateral carotid artery was occluded for 1 h by using traction 
provided by a fine forceps. Saline or r-Hu-EPO (250-5,000 units/kg 
BW) was administered at time points determined from the onset of 
the reversible carotid occlusion. To evaluate the extent of injury, the 
animals were kiUed after 24 h, the brains were removed, and serial 
1-mm thick sections through the entire brain were cut by using a 
brain matrix device (Harvard Apparatus). Each section subse- 
quently was incubated in a solution of 2% triphenyltetrazolium 
chloride (wt/vol) in 154 mM NaQ for 30 min at 3TC and stored 
in 4% paraformaldehyde until analysis. Quantification of the extent 
of injury was determined by using a computerized image analysis 
system (MOD, Imaging Research, SL Catharine's, ON, Canada). 
To accomplish this, a digital image of each section was obtamed and 



the area of injury delineated by outlining the region in whk:h the 
tetrazolium salt was not reduced, i.e., nonviable tissue. For cases in 
which the necrosis was so severe that tissue was actually lost and 
therefore the borders could not be direcdy assessed, an outline of 
the contralateral side was used to estimate the volume of injured 
brain. Total volume of infarct was calculated by reconstruction of 
the serial 1-mm thidc sectk>ns. An indirect neuropxotecthre role for 
r-Hu-EPO via its effects on the circulating red cell mass was ruled 
out by the time frame of this experiment, which was shorter than the 
minimum required to produce a measurable erythropoietic effect 
(longer than 1 week). 

Blunt Trauma. To produce trauma to the temporal and frontal 
cortices reproducibly, a pneumatic piston was precisely driven by 
using miniature precision valves (Clippard, Cincinnati, OH) 
powered by nitrogen. Displacement and velocity of the piston 
was determined by a digital motion detector (EPD Technologies, 
Elmsford, NY). Female BALB/c mice were anesthetized with 
pentobarbital, and their heads were placed securely in a stereo- 
taxic frame. A scalp incision was made to locate the begma. A 
3-mm diameter stainless steel piston then was positioned to 
deliver the blow 2 mm caudal and 2 mm ventral to the bregma. 
Once the piston was activated, the velocity and time of impact 
was noted, as well as the amount of damage to the skull. The 
scalp incision was closed by using sutures. R-Hu-EPO was 
administered before, at the time of, or 3 or 6 h after impact and 
continued daily for a total of 5 days. Ten days after impact, the 
animals were anesthetized with pentobarbital and their brains 
were fixed by perfusion of 4% paraformaldehyde. The brains 
then were embedded in paraffin and TO-fim sections were cut 
through the region of injury and stained with hematoxylin/eosin. 
Quantitative analysis of volume of injury was determined by 
using the MCID system as described above. Qualitative anal>^is 
of degree of inflammatory infiltrate was performed by a blinded 
observer scoring each slide by using a scale of 0-5, 0 corre- 
sponding to no visible inflammation and 5 to the densest 
infiltrate. 

EAE. Female Lewis rats, 6-8 weeks of age, were purchased from 
Charles River (Calco, Italy). Animals were immunized by injecting 
50 fig of guinea pig myelin basic protein (Sigma) in water, emul- 
sified in equal volumes of complete Freund's adjuvant (CFA; 
Sigma) into both hind footpads along with an additional 7 mg/ml 
of heat-kiUed Mycobacterium tuberculosis (H37Ra; Difco) admin- 
istered under li^t ether anesthesia. The final volume was 100 /uJ. 
Conuol mice received CFA alone. Rats were observed in a blinded 
fashion daily for signs of EAE and scored as follows: 0, ho 
symptoms; 1, flaccid tail; 2, ataxia; and 3, complete hind limb 
paralysis with urinary incontinence. Statistical significance of ^- 
perimental results was assessed by using a two-tailed Student's f test 

Kainate-lnduced Seizures. Female BALB/c mice received r-Hu- 
EPO (5,000 units/kg i.p.) or saline at different time intervals 
with respect to administering kainate i.p. (Sigma) at various 
concentrations. Latency and seizure severity were assessed as 
described (26) by using a numerical scale of 0 to 5 : 0 = no evident 
seizure activity; 1 = mild, nonsustained activity (e.g., wet dog 
shakes, immobility); 2 = mild limbic activity (e.g., forelimb 
clonus, tooth chattering); 3 = brief bursts of sustained seizure 
activity; 4 = status epilepticus with rearing and loss of balance; 
and 5 = status epilepticus with inability to stand. End points 
were time of onset of status epilepticus and time of death: 
Because seizure activity developed only within 20-30 min in the 
BALB/c mouse model, these experiments was limited to a 
maximum of 60 min, at which time surviving animals were killed 
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Fig. 1 . EPO-R is found within and around human brain capillaries. (A) Antl-EPO-R staining in white matter (human hippocampal fimbria) is primarily localized 
to capHlaries (arrows). (B) High-power view of capillaries Illustrates the distinaly fibrous quality of EPO-R immunoreactivity around the capillary wall. (O This 
Immunoreactivlty at the capillary (c) often could be identified as an astrocytic process (a). The entire cytoplasmic volume of such stellate astrocytes contain EPO-R 
immunoreactivity, (O) Transmission electron microscopy confirms that the predominant EPO-R immunoreactivity is within astrocytic foot processes (•), but it is 
also present within endothelial cells (arrows). 



Results 

EPO and EPO-R Are Expressed at Capillaries of the Brain-Periphery 
Interface. We first determined the expression of EPO and EPO-R 
in the normal brain by using specific polyclonal antibodies 
applied to sections of human, rat, and mouse tissue (unpublished 
work). Similar to many brain regions examined, the frontal 
cortex and hippocampus exhibited intense immunoreactivity for 
EPO-R in many mediimi to large neurons, but in a pattern 
restricted to the somata and proximal dendrites, and capillaries, 
particularly within white matter (Fig. L4, arrows). In contrast, 
larger vessels and most astroglia were generally unreactive for 
anti-EPO-R. Under higher magnification, capillaries appeared 
enveloped by numerous EPO-R immunopositive processes (Fig. 
LB) derived from nearby stellate astrocytes (Fig. IC). Transmis- 
sion electron microscopy confirmed that the predominance of 
anti-EPO-R immunoreactivity was located within the astrocytic 
endfeet surrounding the capillaries (Fig. 1Z>, ♦). In addition, 
substantial EPO-R immunoreactivity was observed within or on 
the surface of capillary endothelial cells (Fig. ID, arrows). 

Blotinylated r-Hu-EPO Crosses the BBS. These observations derived 
from immunocytochemical staining clearly suggest an anatomical 
basis for direct transport of EPO within the systemic circulation into 
the central nervous system in the absence of any neural insult To 
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test this hypothesis, biotinylated r-Hu-EPO was injected Lp. into 
mice and subsequently visualized in brain sections by using strepta- 
vidin-peroxidase methodology. Two time intervals of 5 and 17 h 
were selected for evaluation, based on the pharmacokinetics of a 
single 5,000 units/kg BW r-Hu-EPO dose administered i.p. R-Hu- 
EPO administered in this fashion reaches a peak serum concen- 
tratbn at s^roximately 4 h («"25,000 miltiunits/ml; 1 milliunit <«10 
ng) and subsequently decays slowly to baseline levels over the next 
20-30 h. We selected a 5-h time point for analysis to allow for an 
adequate ^posure of the capiUary endothelium to peak concen- 
trations of r-Hu-EPO and compared this to 17 h later, when the 
serum levels had decreased to <0.1% of the peak. 

Five hours after i.p. administration of biotinylated r-HuEPO 
(5,000 units/kg BW), peroxidase reaction product was observed 
surrounding capillaries (Fig. Z4) extending into the brain pa- 
renchyma a distance 3-4 times that of the thickness of the 
capillary wall (Fig. 28), Simultaneous administration of unla- 
beled r-Hu-EPO (100-fold excess) with biotinylated r-Hu-EPO 
resulted in a markedly reduced or absent reaction product 
around the capillaries (Fig. 2C). Brain sections prepared 17 h 
after biotinylated r-Hu-EPO administration also lacked pericap- 
illary reaction product. Instead, the label was localized to 
scattered neurons (data not shown). These anatomical studies 
provided evidence supportive of an active translocation of 
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ng. 2, Systemically administered blotinylated r-Hu-EPO labels capillaries 
within the mouse brain. (A) Localization of blotinylated r-Hu-EPO (b-EPO) is 
around capillaries 5 h after i.p. Injection Into mice but is not observed (C) if 
given with 100 times excess of unlabeled r-Hu-EPO (bEPO + EPO). Tissue 
sections are from the striatum. (0) Blotinylated r-Hu-EPO surrounds the lumen 
of capillaries (arrow) 5 h after administration. 



peripheral EPO across the BBB and further suggested that 
neurons might be one target for EPO. To test this idea further, 
we administered r-Hu-EPO systemically in a rodent focal stroke 
model, for which intracerebraventricular r-Hu-EPO administra- 
tion is known to reduce the infarct volimie in the penumbra (6). 




Rg. 4. Systemic administration of r-Hu-EPO attenuates injury after blunt 
trauma. (A) Mice receiving a nonpenetrating blowto the frontal cortex exhibited 
extensive cavitary neaosis when examined 10 days after injury if treated with 
saline [Upf>ei) in contrast to the minimal injury observed if they had received 
r-Hu-EPO {flowed. Cresyl violet stain of representative brain sections through site 
of injury. iB) Results of a representative experiment for r-Hu-EPO (5.000 units/kg 
BW) given 24 h before delivery of the impact n » 6 animals each group; P < 0.05. 
The experiment was repeated four times with similar results. 



R-Hu-EPO Administered Systemically Is Neuroprotective in Focal Isch- 
emic Stroke. Ischemia that recapitulates damage caused by human 
stroke can be induced in adult male rats by permanently occlud- 
ing both the right MCA (27) and carotid artery, followed by a 
reversible 1-h occlusion of the left carotid artery (28). Using this 
model, a large penumbral region of ischemia was obtained in the 
right frontal cortex and r-Hu-EPO (5,000 units/kg BW) or 
vehicle was injected i.p. 24 h before, simultaneously, or 3, 6, or 
9 h after MCA occlusion. The volume of brain infarcted 24 h 
after ischemia, determined by computerized volumetric analysis 
of triphenyltetrazolium reduction (i.e., to distinguish living from 
dead tissue) within serial sections, was markedly reduced in 
animals receiving r-Hu-EPO administered systemically 24 h 
before or up to 3 h after occlusion (Fig. 3). By 6 h after occlusion 
this protective effect was partially lost and r-Hu-EPO provided 
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Fig. 3. Systemic administration of r.Hu>EPO reduces infarct volume after 
cerebral artery ocdusion. Animals given r-Hu-EPO (5,000 units/kg BW I.p.) 
before, during, or 3 h after carotid artery occlusion showed significant {*, P < 
0.01) and equivalent reduaion of necrosis volume compared with controls. In 
contrast, animals receiving r-Hu-EPO 6 h after the onset of reversible ischemia 
exhibited a sigrtificant. but substantially smaller, decrease In injury volume 
compared with animals receiving r-Hu-EPO sooner (t, P < 0.05), High-dose 
r-Hu-EPO given 9 h after the onset of ocdusion was Ineffective in redudng the 
cortical volume of injury. Numbers in parentheses indicate number of aninfials 
studied under each condition. 



no apparent protection when given 9 h after occlusion. The 
minimum effective dose for r-Hu-EPO administered at the same 
time as vascular occlusion was found to be *«450 units/kg BW 
(data not shown). Thus in this model of stroke, a window up to 
6 h after the onset of ischemia appears open for intervention by 
using r-Hu-EPO, which can be administered systemically over a 
dose ranging from 450 units/kg BW to 5,000 units/kg BW. 

R-Hu-EPO Administration Reduces Injury by Blunt Trauma. A mechan- 
ical insult delivered to the bram elicits elements of ischeniic, 
excitotoxic, and inflammatory injury and, if severe enough, pixy- 
duces a cavitary lesion after 7-10 days (29). To determine whether 
systemically administered r-Hu-EPO is also protective of such 
injury, we used a mouse model in which the frontal cortex was 
subjected to a blow delivered to the intact cahraria by a cab'brated 
pneumatic piston. Under pentobarbital anesthesia, animals re- 
ceded a blow of moderate severity (4 m/s; 2-nmi di^lacement) and 
received an Lp. injection of r-Hu-EPO (5,000 units/kg BW i.p.) 24h 
before or 0, 3, or 6 h after blow delhrery. Animals continued to 
receive r-Hu-EPO once daily for 4 additional days (five doses total). 
Ten days after injury, each animal was killed, and their brains were 
perfused, fixed, seriaUy sectioned and stained with hemotoxylin and 
eosin or cresyl violet. Animals not receh^ing r-Hu-EPO exhibited 
extensive cavitary injury 10 days after blow delivery, in marked 
contrast to animals receiving r-Hu-EPO 24 h before, as Fig. 44 
illustrates for brain sections obtained from representative animals. 
Quantitative analysis of injury volume for animals given r-Hu-EPO 
24 h in advance of injury (Fig. 4B) illustrates that r-Hu-EPO 
pretreatment significantly reduced this concussive injury. As ob- 
served in the model of focal ischemia, qualitative examination of 
animals receiving r-Hu-EPO at 0, 3, or 6 h in relationship to trauma 
revealed a sunilar protection as pretreatment with r-Hu-EE*0 (data 
not shown). 

Histologic examination of serial brain sections showed that, for 
animals receiving saline alone the region immediately surround- 
ing the necrotic core was densely populated with mononuclear 
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Fig. 5. Systemk administration of r-Hu-EPO ameliorates CAE. Lewis rats 
receiving r-Hu-EPO (5,000 units/kg BW) beginning at day 3 after immuniza- 
tion with myelin basic protein demonstrate both a delay in onset and a marked 
reduction of clinical symptoms Cn = 18 animals in each group, three separate 
experimentt; **, ? < 0,01; *. P < 0.05). 
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Rg. 6. Systemic administration of r*Hu-EPO delays and lessens kainate- 
induced seizures. CA) Mortality subsequent to a convulsant dosage of kainate 
(20 mg/kg BW i.p.) is significantly reduced (P < 0.01) by a 24-h pretreatment 
of mice with r-Hu-EPO (5.000 units/kg BW i.p.). (fl) A single dose of r-Hu-EPO 
(5.000 units/kg BW) administered on day 0, 1, 2, 3, or 7 before testing 
continues to provide protection from kainate (n - 18, 36, 17, 8^ or 8 respec- 
tively; *, P < 0.05 compared with controD. 



inflammatory ceils. In contrast, regions surrounding the necrotic 
core in r-Hu-EPO-treated animals were characterized by a 
markedly reduced inflammatory infiltrate (not shown). Thus, as 
in the experimental model for stroke, the results of these 
experiments demonstrate the ability of systemically adminis- 
tered r-Hu-EPO to protect brain tissue from blunt trauma. 

R-Hu-EPO Reduces the Clinical Severity of EAE. Observations ob- 
tained from study of the blunt trauma model were striking in the 
absence of a prominent mononuclear cell infiltrate at the site of 
injury. These findings suggested that r-Hu-EPO also might 
reduce nervous system inflammation caused by other patholog- 
ical processes. To test this hypothesis, we administered r-Hu- 
EPO in a rat model of EAE. In these experiments, EAE is 
induced in female Lewis rats by using gumea pig myelin basic 
protein and complete Freund's adjuvant. Immunized rats de- 
velop clinical symptoms by day 10, which peak with an increasing 
degree of paralysis by day 12. Daily administration of r-Hu-EPO 
(5,0(X) units/kg BW) or saline was initiated on day 3 after 
receiving myelin basic protein/complete Freund's adjuvant and 
continued until day 18. As shown in Fig. 5, r-Hu-EPO admin- 
istration both significantly delayed the onset and reduced the 
severity of symptoms compared with saline-administered con- 
trols. Animals were followed for a total of 3 weeks after 
discontinuing r-Hu-EPO administration, during which time no 
"rebound" of symptoms occurred, as is typically observed after 
discontinuing treatment with glucocorticoids or IFN-p (30). 

R-Hu-EPO AmeHorates the Latency and Severity of Seizures Induced by 
Kainate. Excitotoxicity is a prominent component common to 
many forms of brain injury (reviewed in refs. 31-33) and could 
be a target for EPO action. To test for this possibility, we 
determined whether r-Hu-EPO reduced the toxicity of the 
glutamate analogue kainic acid, as assessed by latency and 
severity of seizures. To accomplish this, first the relationship 
between doses of systemically administered kainate and its 
toxicity was established by determining the latency and severity 
of seizures. In mice, death caused by status epilepticus occurred 
with a latency of «» 18 min when kainate was administered alone 
at the EDso dose of «'20 mg/kg. Mice were treated with 
r-Hu-EPO (5,000 units/kg BW) or saline 24 h before receiving 
kainate. Animals receiving both r-Hu-EPO and 20 mg/kg of 
kainate exhibited a significant delay of onset of status epilepticus 
with a markedly reduced motor involvement. The reduction in 
status epilepticus severity was reflected by the fact that there was 
a significant reduaion in mortality of *^A5% compared with 
controls (Fig. 6/1) as well as an increase in mean survival time 
(25.8 min for r-Hu-EPO treatment compared with 18.2 min for 
control {P < 0.0002; n = 68 animals each group). Additional^, 



for ea(^ dose of kainate studied below the EDso of 20 mg/kg that 
did not produce status epilepticus, the behavioral seizure activity 
was significantly less severe than that observed for the sham- 
treated controls (data not shown). 

In contrast to r-Hu-EPO administered 24 h before kainate, no 
protection from seizures was afforded by administering r-Hu- 
EPO 30 min before kainate (Fig. 6B) or after the development 
of any grade of motor seizure (data not shown). Further, a single 
exposure to r-Hu-EPO (5,000 units/kg BW) provided protection 
from kainate for at least 3 days (Fig. 6B). Thus, r-Hu-EPO is 
clearly not acting in the manner of conventional antiepileptic 
agents, which can terminate ongoing seizure activity but require 
a continued presence for efficacy. Presumably, EPO is inducing 
the expression of an array of genes that continue protection even 
in the absence of the cytokine. 

Discussion 

It is now clear that EPO possesses biological activities in addition 
to the erythropoietic effects that originally provided its name. 
Diverse cell types have been demonstrated to produce EPO and 
many cells besides erythroid progenitors express the EPO-R, 
including in the brain. The discovery that astrocytes produce 
EPO in response to hypoxia and that the EPO could protect 
nearby neuronal cells from ischemic injury in vivo (7) added 
further support for the pleiotropic nature of this cytokine. 
However, these findings also have historically suggested that the 
brain and peripheral EPO systems are separate. This concept is 
further reinforced by the known impermeability of the BBB to 
most plasma proteins. In the present paper, we have provided 
evidence that cross talk is possible between the peripheral and 
central EPO systems. Perhaps the most striking effect of these 
interacting systems is the ability of peripherally injected r-Hu- 
EPO to protect brain tissue from a variety of insults including 
ischemia/hypoxia, as well as trauma, immune-mediated inflam- 
mation, and excessive neuronal excitation. 

A full understanding of how EPO mediates its effects across 
the BBB has not yet been elucidated, but we report here a 
plausible manner in which this is accomplished. First, our 
observation that the EPO-R is present on the capillaries of the 
brain, including the endothelial cells, but excluded from larger 
vessels, is consistent with a location at the anatomical locus of the 
BBB. Second, although previous studies report that small 
amounts of large proteins such as albumin can cross the BBB (34, 
35), the mechanism is not receptor-mediated. At 5 h after 
systemic injection of biotinylated r-Hu-EPO, we observed biotin 
label only surrounding the BBB capillaries and not around larger 
vessels, as wotild be expected for a nonspecific transport medi- 
anism. Third, movement of the biotin label was eliminated by 
coinjection of excess amounts of unlabeled r-Hu-EPO, consis- 
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tent with a specific and saturable transport medianism. In sum, 
these observations are consistent with a specific receptor- 
mediated translocation of EPO into the brain. 

The inflammatory response elicited by trauma results in a 
permeable BBB and thus could "deliver** in a nonspecific way any 
plasma substance into the site of injury. Although this mechanism 
certainly could contribute to the site-specific delivery of r-Hu-EPO 
after an injury, it cannot explain the protective effects of 24-h 
pretreatment in the MCA occlusion and kalnate models, for which 
the serum r-Hu-EPO levels were low at the time of injury. Further, 
a minimum effective dose of 450 units/kg BW argues against a 
nonspecific leakage into the brain, which presumably could take 
place at much lower dosages as only small amounts of r-Hu-EFO 
are needed intrathecally (7). Systemic delivery of r-Hu-EPO has the 
advantage in that it is universally available to the capOlary endo- 
thelium, and thus potentially present everywhere in the brain, in 
contrast to intrathecal injection, which is highly localized and not 
practical in clinical settings. 

The quantity of r-Hu-EPO we administered in the MCA 
occlusion studies is much higher than that needed for erythro- 
poiesis and substantially higher than most conventional clinical 
dosages. Nonetheless, large doses equivalent to those adminis- 
tered in this study have been tested in preclinical and phase I 
clinical trials without adverse effects (36) and many cancer 
patients now receive r-Hu-EPO as a weekly injection of 40,000- 
60,000 units.ll We reasoned that a bolus of r-Hu-EPO should be 
presented to the brain capillaries as quickly as possible to be 
available for transport across the BBB to provide protection. 
Using these conditions, we found that systemic administration of 
r-Hu-EPO in the MCA model extended neuroprotective effects 
for up to 6 h after the initiating injury. This window of protection 
may be explained by the abili^ of exogenous r-Hu-EPO to 
induce protective genes in potentially viable cells within the 
ischemic penumbra before they enter into programmed cell 
death. In acute in vivo situations, the endogenous production of 
EPO by astrocytes is likely not sufficient or fast enough to 
provide significant protection to adjacent neural tissue. 

The manner in which r-Hu-EPO provides this impressive neu- 
roprotectfon is currently unclear. R-Hu-EPO could rescue cells 
from death through modulation of apoptosis, a role defined for 
EPO action in erythropoiesis and later extended to neuronal-like 
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cells in vitro (9, 10, 37), modulation of necrosis, or immune- 
mediated injury. All three forms of neuronal demise are thought to 
play a role in a wide variety of brain injury syndromes (reviewed in 
refs. 31-33). The experiments reported here were not designed to 
distinguish between these possibilities. Further work is obviously 
needed to evaluate these complex interactions in vivo. 

Inflammatory processes play a key role in many forms of brain 
injury. The reduction in inf lanunatory infiltrate we observed in the 
blunt trauma experiments suggests that EPO may play an immu- 
nomodulatory role not previously described, but typical of many 
other cytokines. In the EAE model, both the inflammatory and 
immune systems are activated, whereas cell death is not thought to 
be a significant component of the dinical syndrome. The action of 
r-Hu-HH3 in this model is to delay and blunt clinical manifestations 
in a manner consistent with known anti-inflammatory agents aich 
as glucocorticoids. Whether one or both of these systems is respon- 
sible for the neuroprotective effects of EPO remains to be deter- 
mined. However, our observation that mononuclear cell infiltration 
is reduced in r-Hu-EPO-treated animals suffering traumatic injury 
taken with the results of the EAE experiments suggest that both the 
inflammatory and immune responses are affected If true, EPO 
may then exemplify a new therapeutic class. 

In addition to an antiapoptotic role for EPO in the brain, one 
other function is suggested by the kainate experiments: r-Hu-EPO 
also can modulate neuronal excitabUity. However, EPO does not 
appear to have acute activity, clearly implying that its effects are 
secondary to activation of gene expression. The relevance of this 
type of neuronal activity to the now amply documented beneficial 
effects of r-Hu-EPO on quality of life (38) and possible improve- 
ment of cognitive function in patients receiving r-Hu-EPO (39) is 
intrjguii^. 

Over the last decade, r-Hu-EFO has proven to be a safe 
therapeutic agent with minimal adverse effects. The results, of 
studies presented here constitute a basis for examining the effec- 
tiveness of this agent for the treatment of several htmian maladies 
that currently are therapeutically underserved. Hopefully, r-Hu- 
EPO wUl prove as effective in humans as It appears to be in animals. 

Note Added In Proof. In further support of the u^nsport of r-Hu-EPO 
across the BBB, we have measured EPO in the cerebral spinal fluid of 
male rats obtained from the cistema magna. The administration of 
r-Hu-EPO at 5,000 unit^ BW i.p. is associated with an ^100 milli- 
units/ml increase in EPO in the spinal fluid within 30 min. 

This research was supported in part by Ortho Biotech Ina and The 
Kenneth S. Warren Laboratories. D.A. is a fellow of the Alfredo 
Leonard! Fund and G. L. Pfeiffer Foundation. 
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Protective Effect of Erythropoietin and Its Carbamylated Derivative 
in Experimental Cisplatin Peripheral Neurotoxicity 

Roberto Bianchi,^ Michael Brines,^ Giuseppe Lauria,^ Costanza Savino/ Alessandra Gilardini,^ 
Gabriella Nicolini,^ Virginia Rodriguez-Menendez,^ Norberto Oggioni/ Annallsa Canta,^ 
Paola Penza,^ Raffaella Lombard!,^ Claudio Minoia,^ Anna Ronchi,® 
Anthony Cerami,^ Pietro Ghezzi,^'^ and Guido Cavaletti"^ 



' Ab'stiwjt v'PM^osp: Antineoplastic dru^^siiich qs cl3pl9tia^^CpgP),:are severely rieurbtoxic,. cauang 

y' ^ disabling peripheral heurbpSfiie'/^with clinlcal>jgns^knbwn.a[s chenlptherapy-induced . ^. .. .r^- r.. 
perFjiheral neurotoxicity: Cot:keatment wltfr^ neuroprotective agents and CDDP has been 0^. •* 
; proposed for preventing or reversing the neuropathy. Erythropoietin' giv^ systemically has /. , 
'V? :/ . - a vvide rangjB of neuroprotec^e adions In animal models of central and'p6^ 

. ' . • system damage. However,, ihia erythropoietic action is a potential cause of side effects if" ^f- - , : 

erythrppoietiri is used for ri&urbprotection. We have* successfully Iderrtifi^d .derivatives of ' } 
} 'vr- erythropoietin, including carbaniylated erythropoletia vyhich do. not raise the he^natocri^, . j-y - 
j^-.- but ietain the neiiroprotegtiYe^aG^^ [ ; - i -'i '!. r :/ • ' - 

[/aC^'/^ ' Experirrfiental beaighiVife te -i^ f^-: * ' 

, ; '. periph'eraf neurotoxicity that closely resembles CDDR neurotoxicity in hurnans. The present . » . 

[.[ study compared the effects of erythropoietin and carbaniylated erythropoi^ 
• ' thrice weekly) on CDDP (2 mg/kg/d i.p. twice weekly..for 4 weeks) neurotoxicity in yri)fo, '] i 

Results: CDDP given toNATistar rats signiflcarnlykiweredthetV grow ..' . 

sensory nerye conduction vek)Cfty(/'< 0.001) and reduced . Intra^ ' . 

(Pi. 0.001 versus controls). Coadministration of CDDP and erythropoietiij!o^ carbamylated ^' V:-r ."T^: ; ■ 
' ^ * " erythropoietin partially but significantly prevented the sensory nerve conduction velocity f'^ 
- V ; • reduction. Both molecules presiarved tntraepidenfnal rie^ /' 
- y neuroprotective effect at the pathologic level. The protective effects were not associated with ■ ' 

any differencie in platinum concentration in dorsal root ganglia, sciatic nerve^ or kMney specimens. • . * • 
.< Conclusioris: These results vviden the spectruni of possible use of erythropoietin and -ck^. 

carbamylated erythropoietin as neuroprotectant drugSr strongly supporting.^ \l 



Chemotherapy-induced penpheral neurotoxicity (CIPN) is a 
major clinical problem because it is a dose-limiting side effect 
of important and effective antineoplastic drugs (1). The 
incidence, severity, and clinical symptoms and signs of CIPN 
depend on the drug given and its schedules. Severe neuropathy 
can occur in 3% to 7% of treated cases with single agents but 
can increase to 38% with combined regimens {2, 3). Moreover, 
even when CIPN is not dose-limiting, it may severely affea the 
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quality of life of cancer padents and cause chronic discomfort 
Therefore, effective prevention and/or treatment of CIPN would 
be a major advance for cancer patients. 

Cisplatin (CDDP) and the other platinum-derived drugs are 
among the most effective antineoplastic agents, but they are 
severely neurotoxic The clinical features of CDDP neurotoxicity 
in humans are mainly ataxia, pain, and sensoiy impairment 
secondary to accumulation of CDDP in the dorsal root ganglia 
(DRG) and subsequent damage, resulting in secondary nerve 
fiber axonopathy. 

We have developed an experimental model of peripheral 
neuiotoxidty induced by CDDP (4-9) that closely resembles 
CDDP neurotoxicity in humans. It involves the reversible 
primary involvement of DRG neurons, with secondary 
sensory axonal neuropathy and sparing of the motoneurons. 
This model has already been used to investigate the 
mechanisms of neurotoxic action of CDDP (4, 5, 7, 9) and 
to test the effea of putative neuroprotective agents (6, 8-13). 
Among these agents, cotreatment with neurotrophic agents 
has been proposed as a means of preventing or reversing 
CIPN (14). 

Among the several substances with throphic action on 
central neurons and peripheral nerves, erythropoietin has a 
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wide range of neuroprotective effects in vivo. Erythropoietin 
receptors are eaqiressed both in nerve axons and Schwann 
cells and in DRG neurons and are overexpressed after nerve 
injury (15-17), presenting a target for pharmacotherapy. In 
primary neuronal cultures or neuronal cell lines, recombinant 
himian erythropoietin protects from apoptosis (18, 19). In vivo, 
erythropoietin protects neurons from cerebral ischemia and 
traumatic injury (20) and reduces the severity of aq>erimental 
autoimmime encephalomyelitis, spinal cord injury, and sdatic 
nerve compression (2 1). We recently found that erythropoietin 
both protects against and lowers the severity of experimental 
diabetic neuropathy (22). Erythropoietin is also protective 
against peripheral neuropathy induced by CDDP in rats, 
evaluated by electrophysiology (compound muscle action 
potential) and histologic examination of the ntmiber of nerve 
fibers (23). 

One major issue in the use of erythropoietin is its 
erythrodifferentiating action that could be cause of several side 
effects, including vascular perfusion defects (24). In mice, the 
increase in hematocrit induced by erythropoietin causes 
vasoconstricdon and cardiac dysfunction due to nitric oxide 
depletion and endothelin activation (25, 26). In animals and 
humans, erythropoietin can lead to hypertension (27, 28) or 
thrombosis (29). 

Recently, we have identified derivatives of erythropwietin, 
including carbamylated erythropoietin (30) and asialo-eryth- 
ropoietin (21), which are nonerytiiropoietic but retain neuro- 
protective action in different animal models, including cerebral 
ischemia, spinal cord injury, and diabetic neuropathy. 

In this study, we investigated the potential role of erythro- 
poietin and carbam^dated erythropoietin for neuroprotection 
against CIPN induced by CDDP. 

Because carbamylated erythropoietin does not increase the 
hematocrit and does not bind the hemopoietic, homodimeric 
erythropoietin receptor, the present model should enable us 
to dissociate a peripheral neuroprotective action of erythro- 
poietin from a hemopoietic effea and determine whether 
neuroprotection can be achieved without the risk associated 
with tiie use of erythropoietin in nonanemic patients. 

Materials and Methods 

Animal husbandry. All the procedures involving animals and their 
care were conducted in conformity with the institutional guidelines 
in compliance with national (Law by Decree No. 116, February 18, 
1992, Gazzetta Ufftdale della Repubblica Italiana, Suppl. 40) and 
international (European Economic Community Coundl Directive 86- 
609, December 12, 1987, in Offidal Journal of Law, p. 358; Guide 
for the Care and Use of Laboratory Animals, U.S. National Research 
Council, 1996) laws and policies. The protocols for the investigation 
were reviewed and approved by the Animal Care and Use 
Committees of the Istituto di Ricerdie Farmacologiche "Mario Negri" 
(Milan) and the Faculty of Medidner University of Milano "Bicocca". 

A total of 72 female Wistar rats (200-220 g at the beginning of the 
experiment; Harlan Italia, Correzzana, Italy) were used for the study. 
They were housed in a limited access animal facility with room 
temperature and relative humidity 22 ± 2"C and 55 ± 10% and 
unrestricted access to food and water. Artificial lighting provided a 
24-hour cycle of 12-hour light/12-hour dark (light 7 a.m.-7 p.m.). 

Drug$. CDDP (Platamine) was purchased from Pharmacia Italia 
(Milan, Italy). Erythropoietin was obtained from Dragon Pharmaceut- 
icals (Vancouver, British Columbia, Canada). Carfoam^ated erythro- 



poietin was prepared as described (30) and was kindly provided by R 
Lundbedc (A/S, Valby, Copenhagen, Dermiark). 

In vivo studies. Two separate experiments were done. In a first 
experiment we studied the effects of erythropoietin on CDDP-induced 
neuropathy. Thirty-two rats were randomly divided into four groups 
(8 per group): CDDP, CDDP plus erythropoietin, erythropoietia and 
untreated controls. CDDP was dissolved in sterile saline and rats vrere 
Injeaed with CDDP 2 mg/kg i.p. twice weekly for 8 times using a 
volume of 4 ml/kg (31, 32). The CDDP plus erythropoietin group was 
treated with the same dose of CDDP plus erythropoietin (50 ^g/kg i.p. 
thrice weekly). The erythropoietin group received only the drug as 
above. In a second experiment, we studied the effect of carfoamylated 
erythropoietin (50 ng/kg i.p. thrice weekly) on CDDP-induced 
neuropathy. Forty rats were randomly divided into five groups (8 per 
group): CDDP, CDDP plus erythropoietin, CDDP plus carbamylated 
erythropoietin, carbamylated erythropoietin, and control. 

In both experiments, control rats received sham i.p. injections with 
the CDDP solvent. 

Methods of evaluation. General conditions of the animals were 
recorded daily, and weight was measured at the time of drug 
administration. 

At the end of the treatment each rat's sensory nerve conduction 
velocity (SNCV) was determined in the tail using a previously described 
method (6, 9). Briefly, antidromic SNCV was assessed by stimulating 
the tail nerve with ring electrodes placed 5 and 10 cm proximally to the 
recording ring electrodes placed distally in the tail. The latencies of the 
potentials recorded at the two sites after nerve stimulation were 
determined (peak-to-peak) and the nerve conduction velocity was 
calculated accordingly. Ail the neurophysiologic measurements were 
done under standard conditions in a temperature<ontrolled room. 

At the end of the experiment the animals were euthanized under 
general xylazine/ketamine anesthesia and tissue specimens were 
obtained. 

Peripheral nerve damage was assessed on pathologic grounds by skin 
biopsy and an estimate of intraepidermal nerve fiber (lENF) density in 
the hindpaw footpad (33). Briefly, skin specimens were fixed in 2% 
paraformaldehyde-lysine periodate for 24 hours at 4''C cryoprotected 
overnight and serially cut with a ayostat to obtain 20 iim sections. 
Three sections were randomly selected and immunostained with 
polyclonal anti-PGP 9.5 (Biogenesis, Poole, United Kingdom) using a 
free-floating protocol (33). Three blinded observers counted the total 
number of lENF in each section under a light microscope at high 
magnification using a miaoscope-mounted video camera. Individual 
fibers were counted as they aossed the dermal-epidermal junction, and 
secondary branching within the epidermis was excluded. The length 
of the epidermis was measured using a computerized system 
(Microsdence, Seattie, WA) to obtain the linear density of lENF. 

Whole blood was obtained through abdominal aorta puncture, 
collected into a heparinated tube for hematocrit determination, and 
cendifuged at 2,500 rpm for 20 minutes at 4'C. Total and erythrocyte 
capillary tube length was measured and the hematocrit was calculated 
as a percentage by dividing the paniculate by total length and 
multiplying it by 100. 

Sdatic nerves, DRG, and kidneys of rats from all CDDP-treated 
groups were obtained, snap-frozen in liqiud nitrogen, and kept at 
-SO'^C until used to determine the platinum concentration by 
inductively coupled plasma-tandem mass spectrometry according to 
the previously reponed protocol (6). 

Statistics. The differences between all experimental groups in body 
weight SNCV, lENF density, and tissue platinum concentrations were 
examined by ANOVA and the Tukey-Kramer post-test 

Results 

General toxicity. All the rats completed the studies, with 
no evidence of severe general toxicity, in each experiment at 
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^Table 1.. PhysiQljdgic variables of rats tri^ted withf S^Dbi^^nd/or cotreated ji^vith etylhropoietin and carbarf^lated 

^fopdetin-*^^- • '^^s-' '4 '"^''^ . "^'V '^'^^- V 



Group 




Experiment 1 






Experiment 2 






Baseline body 


Final body 


Hematocrit (%) 


BaseGne body 


Final body 


Hematocrit (%) 




weight (g) 


weight (g) 




weight (g) 


weight (g) 




Control + vehicle 


186 ±2 


221 ±3 


51.9 ± 1.0 


184 ±5 


255 ±9 


50.0 ±1.8 


CDDP+veNde 


197±3 


199 ±3' 


47.5 ±1.2 


181 ±3 


212 ± 6* 


52.3 ± 1.1 


Control -1- erythropoietin 


196 ±2 


222 ±3 


82.4 ± 1.5' 








Control + Cdrt)dmytated erythropoietin 








184 ±3 


248 ±6 


56.4 ± 2.3 


CODP + erythropoietin 


195 ±3 


209 ±6 


84.3 ± 1.2* 


182 ±5 


229 ±7 


76.2 ± 6.35 


CDDP carbamylated erythropoietin 








180 ±6 


230 ±5 


51.0 ±1,3 



NOTE: Data are mean ± SE (8 per group). Statistics by ANGVA with TUkey-Kramer HSD test for multiple oomparisons. 
*P < 0.01 versus control and control + erythropoietin (experimem 1). 

< 0.01 versus aB the other groups (experiment 2). 
tP < 0.01 versus control and COOP (expenmertti). 
%P < 0.01 versus all the other groups (experiment 2). 



baseline, there was no difference in body weight between 
groups. CDDP alone significantly reduced weight gain 
(Table 1); CDDP-treated rats weired 10% and 17% less 
dian the control groups in e^qperiments 1 and 2, respectively 
(P < 0.01 in both cases), and the coadministradon of 
erythropoietin or carbamylated erythropoietin reduced the 
difference by -50%. 

Hematocrit was significandy higher in both eiythiopoietin' 
treated groups (P < 0,01), whereas carbamylated erythropoi- 
etin did not produce any significant change from control rats 
(Table 1). 

Tail nerve neurophysiologic evaluatioru In each experiment, 
baseline SNCV did not differ in the two groups. In the first 
experiment tail SNCV studies at the end of the treatment 
showed that the erythropoietin and control groups were very 
similar (Fig. lA). This was confirmed in the second 
e3q>eriment which, in addition, showed similar results for 
carbamylated erythropoietin (Fig. IB). CDDP, however, 
reduced mean SNVC by 26% and 30% compared with 
control in experiments 1 and 2, respectively (P < 0.001). In 
both experiments, erythropoietin had a partial, but highly 
significant protective effect (Fig. lA and B) and SNCV 
compared with the CDDP group, although it remained 
different ftom control (mean of experiments 1 and 2, 
-15.7% and -17.8%, respectively; P < 0.001). Similarly, 
carbamylated erythropoietin partially prevented the decrease 
in SNVC induced by CDDP (P < 0.05; Fig. IB). 

/£NF density. In footpad skin, both the neurotoxic effea of 
CDDP and the neuroprotective action of erythropoietin and 
carbamylated erythropoietin were confirmed at the pathologic 
level. Figure 2 summarizes the results of the two experiments. 
Erythropoietin and carbamylated erythropoietin coadminis- 
tered did not affea lEFN density in control rats (data not 
shown). CDDP significandy reduced the epidermal innerva- 
tion density (mean 13.1% lower than control) and caused 
diffuse morphologic changes of nerve fibers, indicating axonal 
degeneration (Fig. 3). Erythropoietin and carbamylated 
erythropoietin coadministered significandy (P < 0.001) 
protected against from the loss of lENF induced by CDDP 
(Figs. 2 and 3). 



Tissue platinum concentration. Platinum in control speci- 
mens was below the limit of detection of the inductively 
coupled plasma-mass spectrometry method (i.e., <0.001 p.g/g 
tissue), but it was detectable in specimens from CCDP- 
treated rats. No significant differences were observed between 
CDDP and CDDP plus aythropoietin groups (7.64 ± 0.82 
versus 9.11 ± 1.84, 1.86 ± 0.41 versus 1.67 ± 0.23, and 



A 

50 




CTRL CTRI^EPO CDDP CDDP+EPO 




CTRL CTRL+CKPO CDDP CDINM-EPO CDDPKXPO 



Rg. 1. SNCV at the end of the treatment. Columns, mean (in m/s) of seven to 
eight per group; ban, SE. A experiment 1. P < 0.001 versus control {CTRL ) and 
control + erythropoietin {EPO): tt . P < 0.01 versus COOP. A experiment 2. 
\ P < 0.001 versus control and control + carbamylated erythropoietin {CEPOy, 
UP< 0.05 versus CDDP; tt . P < 0.01 versus CDDP. 
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CTRL CDDP CDDP+EPO CDDP+CEPO 



Rg. 2. Erythropoietin restores the loss of intraepidsrmal fibers in CDDP-treatsd 
rats. Skin biopsifis were obtained at the end of the treatment. Columns, mean 
(number of lENF/mm) of seven to eight per group; bars. SE.'.P< 0.05 versus 
control {CTRL); '*,P< 0.001 versus control; r . P < 0.001 versus COOP. 



2.38 versus 3.16 ng/g tissue for kidney, sciatic nerves, and 
pooled DRG samples, respectively). Hence, the protective 
effect of erythropoietin was not associated with any 
difference in platinum concentration in ORG, sciatic nerve, 
or kidney specimens. 

Discussion ^ 

CIPN is a major limitation in the current treatment of 
cancer with platinum drugs, because it frequently requires a 
dose reduction or even treatment withdrawal, on account of 
adverse effects. Therefore, effective strategies to prevent or 
reduce the severity of CIPN are a major goal of preclinical 
research, with a view to clinical application. In vitro studies 
have been frequently used for screening putative neuro- 
protective agents, because they are faster and cheaper than 
in vivo testing. However, the latter reproduce the dinical 
picture in humans more reliably, including the effects of drug 
metabolism and bioavailability and tissue distribution, with 
respea to the target organs in particular. 

The peripheral neuropathy induced in rats by repeated 
administration of CDDP is qualitatively similar to that in 
htmians, involving the degeneration of sensory nerve fibers 
caused by DRG neuronopathy. Hie model of QPN used in 
this study has already been extensively characterized in our 
laboratory (4-9) and has been used to assess the eflfective- 
ness of several putative neuroprotective agents. Some were 
not effective (9, 31), whereas others had at least a partial 
effea (6, 8, 10, 12, 13). The usefulness and reliability of the 
preclinical results were further strengdiened when one of 
these neuroprotectants (reduced glutathione) was evaluated 
in a randomized, double-blind, placebo-controlled clinical 
trial in ovarian cancer patients (32), which confirmed its 
partial protective effea against CDDP neurotoxicity, previ- 
ously evidenced in the animal model. 

The use of neurophysiologic tests to assess the effect of 
neurotoxic or neuroprotective agents is well established (6-8, 
34-36). They arc also largely used in dinical practice in 
human neuropathies. However, pathologic confirmation of 
the neurophysiologic results is always advisable. In our 



CDDP modd, wc have cxtcnsivdy reported the pathologic 
features in DRG, sdatic nerves, and tibial nerves (5). In the 
present study, for the first time, wc investigated the effect of 
CDDP at the pathologic Icvd by quantifying lENF density in 
the footpad skin using a standardized method (33). Hiis 
procedure is currently used to assess the degeneration of skin 
nerve fibers in human peripheral neuropathies (37). Skin 
biopsy for lENF density quantification is a reliable and 
minimally invasive technique in patients. It showed both 
degeneration and regeneration of nerve fibers in experimental 
and human diabetic neuropathies (22, 38, 39) and it might 
be proposed as an outcome measure in dinical trials with 
neurotoxic drugs. SNCV and lENF density studies explore 
different nerve fiber populations: SNCV evaluation mostiy 



Rg. 3. Microphotographs are skin biopsies from ihs hindpavw footpad of Wistar 
rats. Sections were immunostainBd witfi the panaxonat marksr PGP 9.5. Amws, 
iENF; arrowheads, dermal nerve burKlles. Bar. 30 lun. A normal epidermal and 
dermal innervation density. £t reduced density of lENF and dermal nerve bundles 
in CDDP-iixiuced neuropathy. lENF show weaker and fragmerned PGP 9.5 
immunoreactivity indicativB of axona) degeneratroa C normal density and 
morphology of lENF and dennal nerve bundles In a rat cotieated with CDDP and 
carbamylated erythropoietin. 
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reflects changes in large myelinated fibers, whereas lENF 
density is an estimate of small-diameter fibers that are 
affected early in most peripheral neuropathies. 

Eiythropoictia a 165 -amino add sialoglycoprotein, is 
essential in the regulation of eiythropoiesis. Among its 
several clinical applications, eiythropoietin is a very effective, 
well tolerated, and widely \ised treatment for anemia in 
cancer patients undergoing chemotherapy. However, the 
bone marrow is not the only target tissue of erythropoietin, 
and the wide expression of functional receptors for eiythro* 
poietin explains its nonerythropoietic functions, including its 
neuroprotective action on the injured nervous system (40). 
Rat models have been used to test the protective eflfect of 
erythropoietin (15, 16, 22), which was recendy confirmed in 
an experimental model of CDDP (23). However, this rat 
model involved a motor, demyelinating neuropathy that did 
not reproduce the typical effects of CDDP in humans (i.e., 
sensory impairment with axonal damage in the peripheral 
nerves), thus raising some concern about the relevance of the 
positive results for potential clinical application. 

Because^ in rats, both DRC and peripheral nerves express 
the erythropoietin receptor (15, 16), our model of CDDP- 
induced DRG sensory neuronopathy with secondary axonal 
neuropathy seems adequate to assess the use of erythropoi- 
etin as a neuroprotective agent. The effect of a nonerythro- 
poietic erythropoietin derivative, such as carbamylated 
erythropoietin, which showed tissue-protecting properties in 
several animal models of peripheral nerve damage (30), was 
also evaluated. 

Our study shows that erythropoietin or carbamylated 
erythropoietin alone have no effert on the normal function 
of the peripheral nerves but had sigiuficant and reproducible 
neuroprotective effects in CDDP-induced neurotoxicity. 
These results were supported both by the neurophysiologic 
findings showing the improvement of tail SNCV and at the 
pathologic level by the higher density of lENF in the footpad 
skin. 

A major concern in the use of neuroprotectant drugs to 
prevent . CIPN is interference with the antineoplastic activity 
of chemotherapy. Although the effects of erythropoietin on 
tumor growth is still controversial, Sigounas et al. (41) 
suggested a synergy between erythropoietin and chemother- 
apeutic agents in a murine cancer model. We investigated 
whether erythropoietin or carbamylated erythropoietin affect- 
ed the tissue distribution of CDDP by measuring the 
concentration of platinimi in the kidney (v^eie it accumu- 
lates after CDDP administration and CDDP-DNA adducts are 
present; 11) and in the peripheral nervous system. We found 
no difference in platinum tissue concentrations, supporting 
the opinion that erythropoietin and carbamylated erythro- 
poietin do not interfere with CDDP. 

The mechanism of neuroprotection of eiythropoietin and 
carbamylated erythropoietin in our e?qierimental paradigm is 
still an open issue. Based on current knowledge, a direct 
protective effect of erythropoietin and carbamylated erythro- 
poietin can be suggested on sensory neurons and/or 
peripheral nerves through the direct binding to the erythro- 
poietin receptor, which is widely expressed in the peripheral 
nervous system and overexpressed after nerve injury (16, 17). 
Carbamylated erythropoietin does not bind to the classic 
erythropoietin receptors expressed by bone manow (30). This 



affinity for the neural-type erythropoietin receptor shared by 
erythropoietin and carbamylated erythropoietin suggests that 
hig^ circulating levels of erythropoietin or cari)am>^ated 
eiythropoietin might have an effect on damage prevention 
and/or repair. We already reported that erythropoietin 
reduced the severity of experimental diabetic neuropathy in 
two different experimental paradigms (22), thus raising the 
possibility that it has a "nonspecific" neuroprotective dka 
against different types of injury of the peripheral nervous 
system as shown recendy in vitro (17). 

The major point of concern in proposing of erythropoietin 
for neuroprotection in clinical practice is the risk of a marked 
increase in hematocrit with long-term treatment as observed 
in our e3q)eriment. However, short-term administration of 
erythropoietin as a neuroprotectant in clinical trials of stroke 
has not resulted in elevated hematocrit (42) and the optimal 
schedule (dose and timing) of erythropoietin treatment for 
the prevention of CIPN still needs to be defined. Recent data 
suggest that erythropoietin in combination with other growth 
faaors (and possibly with other neuroprotectants) may 
syneigistically activate neuroprotective pathways that allow a 
lower dose of erythropoietin to be used (43). 

A different approach to minimize the erythropoietic effect 
of erythropoietin is modification of the molecule as has been 
done with carbamylated erythropoietin. Extensive studies of 
the relationship between the structure and the activity of the 
erythropoietin molecule identified regions and amino adds 
essential for its binding receptor (44) and found that several 
chemical modifications abolish the hematopoietic bioactivity 
(45, 46). Previous studies and otir results are encouraging 
because carbamylated erythropoietin maintained its neuro- 
protective effect without changing the hematocrit (30). These 
findings open up the possibility of distinguishing between 
the tissue-protective action of erythropoietin and its poten- 
tially detrimental effects (e.g., endothelial activation and 
platelet reactivity, prothrombotic effects, and excessive eryth- 
ropoiesis with dironic dosing;- refe. 47, 48). 

When considering the differences between erythropoietin 
and carbamylated erythropoietin, it is important to note that 
these two molecules have very similar pharmacokinetic 
variables and plasma half-life in particular (30), in contrast 
to asialo-erythropoietin that has a very short half-life (21). 
We have shown that, whereas erythropoietin bind the 
classic homodimeric erythropoietin receptor, carbamylated 
erythropoietin does not (30), but both molecules require 
the presence of the common subunit shared by the 
granulocyte-macrophage colony-stimulating faaor and the 
interleukin-3 and interleukin-5 receptors, as knockout 
mice deficient in this transducer do not show protective 
effects of either carbamylated erythropoietin or erythropoietin 
(49). 

In conclusion, these results we obtmned in a model of 
CIPN that reproduces the clinical features of the effects 
of CDDP in humans widen the spectrum of possible use 
of erythropoietin and carbamylated erythropoietin as neuro- 
protectant drugs, strongly supporting their effectiveness. 
However, they also indicate the need for further preclinical 
studies to optimize their effectiveness, to determine the exact 
mechanism and site of action, and to clarify the issues 
of long-term tolerability and safety in vivo, with the final 
aim of identifying the best strategy for diiucal application. 
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Chapter? 

THE MODIHCATION OF CYSTINE — CLEAVAGE OF DISULFIDE BONDS 



There arc several approaches to the cleavage of disulfide bonds in proteins. The majority 
of studies involve the cleavage of the disulfide bond of cystine to the free thiol group of 
cysteine by reduction. Reduction has been generally accomplished with a mild reducing 
agent such as p-mercaptoethanol or cysteine. Gorin and co-workers' have examined the rate 
of reaction of lysozyme with various thiols. At pH 10.0 (0.025 Af borate), the relative rates 
of reaction were p-mercaptoethanol (2-mercaptoethanol), 0.2; dithiothreitol, 1.0; 3-mercap- 
topropionate, 0.4; and 2-aminoethanol, 0.01 . The results with aminoetfianethiol were some- 
what surprising since the reaction (disulfide exchange) involves the thlolate anion and 2- 
aminoethanethiol would be more extensively ionized than die other mercaptans. Dithiothreitol 
has been a useful reagent in the reduction of disulfide bonds in proteins^ as introduced by 
Cleland. Dithiothreitol and the isomeric form, dithioeiythritol, are each capable of the 
quantitative reduction of disulfide bonds in proteins. Furthermore, the oxidized form of 
dithiothreitol has an absorbance maximum at 283 nm (Ac = 273) which can^be used to 
determine the extent of disulfide bond cleavage. * The UV spectra of ditlii6threitol and 
oxidized dithiodireitol are shown in Figure 1. Insolubilized dihydrolipoic acid has also been 
proposed for use in the quantitative reduction of disulfide bonds.^ 

Reduction of disulfide bonds can be controlled by various factors. Homandberg and Wai^ 
recently demonstrated that the reduction of urokinase by dithiothreitol in the presence of 
arginine allows the selective reduction of a disulfide bond joining the catalytically active 
chain to a nonessential 13 amino acid peptide. A synthetic peptide may then be coupled to 
die free sulfydryi group. 

In most proteins, the free sulfhydryl groups (cysteine) derived from the reduction of 
cystine will, at alkaline pH. fairly rapidly undergo reoxidation to form the original disulfide 
bonds. This process can be accelerated by the sulfhydiyl-disulfide interchange enzyme'* ' or 
sulfhydryl oxidase.* Thus, it is necessary to **block" the new sulfhydryl groups by alkylation, 
arylation or reaction with dithionite (see Chapter 6). 

A novel reaction has been develc^ied by Neumann and co-workers'° which allows for the 
reduction of disulfide bonds under mild conditions. Phosphorothioate reacts with disulfide 
bonds to yield the 5-phosphorothioate derivatives. The reaction proceeds optimally at alkaline 
pH (pH optimum 9.7) and the reaction product, 5-phosphorothioate cysteine, has an ab- 
sorbance maximum at 250 nm (€ = 63 1 M~ * cm" *) as shown in Figure 2. Phosphorothioate 
does not absori> at this wavelength. This reagent has been used to study the reactivity of 
disulfide bonds in ribonuclease.'*^ In the absence of a denaturing agent (reaction conditions: 
tenfold molar acess of reagent, pH 9.0, 16 h at 25'*C), two specific disulfide bonds (Cys^ 
- CyS72; CyS38""Cys, ,o) are converted to phosphorothioate derivatives. The resultant derivative 
of ribonuclease is fully active in hydrolysis of RNA and has increased activity in the 
hydrolysis of cyclic cytidylic acid. The synthesis of radiolabeled phosphorothioate from 
either (P^^) or [S"l ihiophosphoryl chloride was reported in this study. 

Light and co-workers have examined the susceptibility of disulfide bonds in trypsinogen 
to reduction.*' At pH 9.0 (0. 1 Af sodium borate), a single disulfide bond (Cys,79 - Cys^oa) 
is cleaved in trypsinogen by O.l A/ NaBH4. The resulting sulfhydryl groups are '^blocked'* 
by alkylation. The characterization of the modified protein has been performed by the same 
group. The disulfide bond which is modified under these conditions is critical in establishing 
the structure of the primary specificity site in trypsin. 

From the above studies, there is little doubt that the various disulfide bonds in a protein 
show different reactivity toward reducing agents. These differences in reactivity can be 
explored with various reagents and can be utilized with the aid of partial reduction followed 
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FIGURE2. The absoiptionspectnim of the reaction prorf^ 
from cystine and phosphorodiioatc (PS). (From Neumann, H. and 
Smith. R. L., Arch, Biochem. Bit^s,, 122, 354, 1967, With 
peimissioa.) 

by aikylation with radiolabeled iodoacetate to determine the position of disulfide bonds in 
proteins.*^ 

Gorin and Godwin*^ have reported that cystine can be quantitatively converted to cysteic 
acid by reaction with iodate in 0.1 to 1.0 M HQ. This reaction has been applied to insulin. 
The reaction product was not completely characterized, but given the relationship between 
iodate consumption and the cystine residues in insulin, the primary reaction is the oxidation 
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FIGURE 3. The ckavage of disulfide bonds by sodium sulfite to form^ 
the 5-sulfo derivative. / 

,r' 

of disulfide bonds. This reaction was complete in 15 to 30 min. After longer periods of 
reaction, the todination of tyrosine residues occurred. 

Disulfide bonds are somewhat unstable at alkaline pH (pH ^13.0). This has been examined 
by Donovan in some detail. With protein-bound cystine, there is change in the spectrum 
with an increase in absort>ance at 300 nro. This problem has been more recendy studied by 
Florence.'^ This investigation presented evidence to suggest that cleavage of disulfide bonds 
in proteins by base proceeds via p>eiimination to form dehydroalanine and a persulfide 
intermediate which can decompose to form several products. 

The electrolytic reduction of proteins has been explored by Leach and co-workers. These 
investigators recognized that although small peptides containing disulfide bonds could be 
reduced using cathodic reduction, there would likely be problems with proteins because of 
size and tertiary structure considerations. Therefore, a small thiol was used as a catalyst for 
the reduction. 

Tri-n-butylphosphine will reduce disulfide bonds in proteins.*^ The reaction is generally 
performed under alkaline conditions (pH 8.0, 0. 1 M Tris or 0.5 M bicarbonate). n-Propanoi 
is added to dissolve the tri-n-butylphosphine. This procedure has recently been used to reduce 
disulfide bonds in various proteins prior to reaction with 4-(aminosulfonyl)-7-fluoro-2,l,3- 
benzodiazole. *^ 

Finally, disulfide bonds can be cleaved by sulfite to form the .S-sulfonate derivative as 
shown in Figure 3. The chemistry of this reaction has been reviewed by Cole.™ The reaction 
proceeds optimally at alkaline pH (pH 9.0). It is necessary to Include an oxidizing agent 
such as cupric ions, or as shown in Figure 3, o-iodosobenzoate to ensure effective conversion 
of all cystine residues to the corresponding 5-sulfonate derivatives. The reaction is reversible 
to form cysteine upon treatment with a suitable mercaptan such as p-mercaptoethanol. 

This reaction has been adapted to the controlled reduction of disulfide bonds in [HOteins 
in the absence of denaturing agents.^' In the example presented, the disulfide bonds of bovine 
serum albumin were cleaved at pH 7.0 (0.1 M phosphate) at 4Q°C in the presence of 
0. 1 M sodium sulfite and simultaneously converted to the 5-sulfo derivatives with oxygen 
and 0.4 mM cupric sulfate. The rate of reaction decreased markedly above pH 7.0. 
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Erythropoietin Is a Novel Vascular Protectant Through 
Activation of Aktl and Mitochondrial Modulation of 

Cysteine Proteases 

Zhao Zhong Chong, MD, PhD; Jing-Qiong Kang, MD, PhD; Kenneth Maiese, MD 

Back^oufid — ^Erythropoietin (EPO) is a critical regulator for the proliferation of immature erythroid precursors, but its role 
as a potential cytoprotectant in the ceiebrovasculature system has not be«i defined. 

Methods and Results — ^We examined the ability of EPO to regulate a cascade of j^ptotic death-related cellular pathways 
during anoxia-induced vascular injury in endothelial cells (£Cs). EC injury was evaluated by trypan blue, DNA 
fragmentation, membrane phosphatidylsorine (PS) exposure, protein kinase B activity, mitochondrial membrane 
potential, and cysteine protease induction. Exposing to anoxia alone rapidly increased genomic DNA fragmentation 
from 2±1% to 40±5% and membrane PS exposure from 3±2% to 56±5% over 24 hours. Administration of a 
cytoprotective concentration of EPO (10 ng/mL) prevented DNA destruction and PS exposure. Cytoprotection by EPO 
was completely abolished by cotreatment with anti-EPO neutralizing antibody, which suggests that EPO was necessary 
and sufficient for the prevention of apoptosis. Protection by EPO was intimately dependent on the activation of protein 
kinase B (Aktl) and die maintenance of mitochondrial membrane potential. Subsequently, EPO inhibited caspase 8-, 
caspase 1-, and caspase 3-like activities that were linked to mitochondrial cytochrome c release. 

Conclusions— Tht present work serves to illustrate that EPO can offer novel cytoprotection during ischemic vascular 
injury through direct modulation of Aktl phosphorylation, mitochondrial membiane potential, and cysteine protease 
activity. iCirculation. 20a2;106:2973-25>790 

Key Words: apoptosis ■ cytochrome c m cysteine endopeptidases ■ proteins, mitochondrial 

■ proteins, proto-oncogene 



To foster new therapeutic approaches for cerebral vascular 
disease, it becomes critical to dissect die underlying 
subcellular pathways used by potential cytoprotectants. In 
this regard, erythropoietin (EPO) has become especially 
attractive as a potential vascular protectant. Recent work has 
extended the traditional role of EPO from a mediator of 
erythroid maturation to one that offers protection against 
toxic stimuli in the nervous system. ^-^ Yet, knowledge con- 
cerning the ability of EPO to function as a specific vascular 
protectant, especially in the nervous system, is virtually 
nonexistent and requires further definition. 

The potential for EPO to be an efficacious cytoprotectant 
in the nervous system may weigh heavily on its ability to 
foster the survival of cerebral microvascular endothelial cells 
(ECs) and prevent programmed cell death. Ischemic injury in 
ECs can lead to the active destruction of the endothelium and 
can mediate vascular degeneration diat may ultimately impair 
cortical function.'-^ Cerebral EC injury is composed of 2 
independent apoptotic pathways tiiat consist of nuclear DNA 
degradation and the exposure of membrane phosphatidylser- 



ine (PS) residues.^*^ Although DNA degradation in ECs may 
lead to the acute loss of cerebral microvascular integrity, the 
exposure of membrane PS residues in ECs may play a more 
formidable role that involves the precipitation of a procoagu- 
lant environment^ and cellular inflammation.^ 

Several downstream signal transduction pathways may 
ultimately determine both the scope and capacity of the 
protective role of EPO. In particular, the serine/threonine 
kinase protein kinase B (Aktl), a key determinant of cell 
survival, appears to be necessary for EPO to prevent apopto- 
sis of erythroid progenitors.' In addition, both the indepen- 
dent preservation of mitochondrial membrane integrity and 
the modulation of cysteine protease activity through cyto- 
chrome c release may influence the protective role of Aktl.^o 
As a result, mitochondrial membrane depolarization, cyto- 
chrome c release, and the subsequent activation of a family of 
executioner cysteine proteases (caspases) that include caspase 
8, caspase 1. and caspase 3 may be relevant for EPO to 
mcrease vascular cell survival during injury." '^ In light of 
the strong potential of EPO to provide protection against 
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cerebral vascular disease, we investigated the underlying 
cellular mechanisms that may determine protection by EPO 
to gain greater insight into potential therapeutic targets for EC 
injury. 

Methods 
Cerebral Microvascular EC Cultures 

Vascular ECs were isolated from Sprague-Dawley adult rat brain 
oerebra by a modified coUagenase/dispase-based digestion proto- 
col." Briefly, ECs were cultured in endothelial growth media 
consisting of M199E with 20% heat-inactivated fetal bovine senim, 
2 nunolA. Uglutamine, 90 /ig/mL heparin, and 20 fig/mL EC 
growth supplement (ICN Biomedicals). Cells from the third passage 
were identified by positive direct immunocytochemistxy for factor 
Vlll-related antigen.*^ 

Experimental Treatments 

To induce anoxia, EC cultures were deprived of oxygen by placing 
them mto an anoxic (95% Nj and 5% CQO diamber system 
(Sheldon) at 37T for 12 hours.^^ For treatments applied 1 hour 
before anoxia, ai^lication of EPO, EPO antibody (R&D Systems), or 
the phosphatidylinositide*3-]dnase (PI3K) inhibitors wortmannin or 
LY294002 (Tocris) was continuous. 

Assessment of Cell Survival and Injury 

EC injury was determined by bright-field microscopy with a 0.4% 
trypan blue dye exclusion method 24 hours after anoxia per our 
previous protocols.*^ Mean survival was determined by counting 8 
randomly selected nonoverlapping fields with each contaimng '^10 
to 20 cells (viable and nonviable) in each 24-well plate. 

Assessment of DNA Fragmentation 

Genomic DNA fragmentation was determined by the terminal 
deoxynucleotidyi transferase nick end labeling (TUNEL) assay. 
Briefly, ECs were fixed in 4% paraformaldehyde/0.2% picric acid/ 
0,05% glutaraldehyde. and the 3 '-hydroxy ends of cut DNA were 
labeled with biotinylated dUTP with the enzyme terminal de- 
oxytransferase (Promega) followed by streptavidin-peroxidase and 
visualized with 33'-diaminobenzidme (Vector Laboratories). 

Assessment of Membrane PS Residue Extemalizalion 

Per our prior protocols,''^ a 30 /xg/mL stock solution of annexin V 
conjugated to phycoerythrin (R&D Systems) was diluted to 3 figfmL 
in warmed calcium containing binding buffer (10 mmol/L HEPES, 
pH 7.5, 150 mmol/L NaCI, 5 mmol/L KCl, 1 mmol/L MgCh, 
1.8 mmol/L CaCy. Plates were incubated with 500 fiL of diluted 
annexin V for 10 minutes. Images were acquired by **blinded*' 
assessment with a Leitz DMIRB microscope (Leica) and a Fuji/ 
Nikon Super CCD (6.1 megapixels) that used transmitted light and 
fluorescent single-excitation Ught at 490 nm and detected emission at 
585 nm. 

Assessment of Mitochondrial Membrane Potential 

The fluorescent probe JC-1 (Molecular Probes), a cationic membrane 
potential indicator, was used to assess mitochondrial membrane 
potential. EC monolayers in 35-mm' Petri dishes were incubated 
with 2 /i^mL JC-1 in growth medium at ^l^'C far 30 minutes. ECs 
were then analyzed immediately imder a Leitz DMIRB microscope 
with a dual-emission fluorescence filter with 5 15 to 545 nm for green 
fluorescence and emission at 585 to 615 nm for red fluorescence. 

Western Blot Analysis for Aktl Phosphorylation 
and Cytochrome c Release 

Cells were homogenized, and afto* protein determination, each 
sample (50 ^ig/lane) was then subjected to 7.5% SDS-PAGE. 
Membranes were incubated with a mouse monoclonal antibody 
against phospho-Aktl (p-Aktl; 1:1000; Active-Motif). After being 



washed, membranes were incubated with a horseradish peroxidase- 
conjugated secondaiy antibody (goat anti-mouse I^, 1:2000; 
Pierce). The antibody-reactive bands were revealed by chemilumi- 
nescence (Amersham niarmacta Biotech). 

Preparation of Mitochondria for Analysis of 
Cytochrome c Release 

Briefly, cells were hanrested and homogenized, and the harvested 
supematants were centrifuged at 10000^ for 10 minutes at 4**C 
Mitochondrial proteins were then separated by 12.5% SDS-PACE. 
The Western blot for cytochrome c was performed with primary 
mouse polyclonal antibody against cytochrome c (1:2000; Pharmin- 
gen) and revealed by enhanced chemiluminesoence. 

Assessment of Caspase Activity 

At 12 hours after anoxia exposure, cysteine protease activities were 
determined as described previously.^ *^ Cell suspensions were pre- 
pared, and an aliquot of supernatant containing 30 /ig protein was 
incubated with a 250 fmoVL colorimetric substrate for caspase 8 
(Ac-IETD-pNA). caspase l (Ac-YVAD-pNA), or caspase 3 (Ac- 
DEVD-pNA; Calbiochem). Absorbance was measured at 405 nm 
and substrate cleavage reported in micromoles per minute per gram 
of protem (/iraol • min~* • g'*) against standard p-nitroanilinc 
solutions. 

Modulation of Caspase Activity 

Modulation of cysteine protease activity in ECs was performed with 
the irreversible and cell-pcnncable caspase inhibitors (50 ^imol/L 1 
hour before anoxia) Z-IETD-FMK for caspase 8 (lETD), Z-YVAD- 
FMK (YVAD) for caspase 1, and Z-DEVD-FMK (DEVD) for 
caspase 3 obtained from Pharmii^n Inc. 

Statistical Analysis 

For each experimem that mvolved assessment of EC survival. DNA 
degradation, membrane PS exposure, and caspase activity, the mean 
and standard error were determined from 4 to 6 replicate experi- 
ments. Statistical differences between groups were assessed by 
means of ANOVA. 

Results 

EPO Prevents EC Injury During Anoxia 

No significant toxicity dming normoxia over a 24-hour 
period was present in the cultures exposed to EPO alone in 
the concentrations of 0.01 to 1000 ng/mL compared with EC 
survival in untreated control cultures (95 ±3%; data not 
shown). As shown in Figure lA, EC survival was signifi- 
cantly reduced to 45 ±5% after exposure to anoxia alone 
compared with untreated control cultures (97 ± 1%, P<0.01). 
In contrast, application of EPO of 10 ng/mL achieved 
maximal EC survival (86:t3%), but concentrations lower 
than 0.1 ng/mL or higher dian 10 ng/mL did not improve EC 
survival during anoxia. 

EPO Is Necessary and Sufficient for EC Protection 
During Anoxia 

Administration of EPO antibody in a series of concentrations 
of 0.01 to 2.00 ^mL did not significantly alter EC survival 
compared with untreated control cultures (data not shown). In 
the presence of anoxia, application of the EPO antibody (0.01 
to 1.00 fig/mL) also did not alter EC survival compared with 
cultures treated with anoxia alone (Figure IB). In the pres- 
ence of the EPO antibody, concentrations of EPO antibody of 
0.10, 0.50, and 1.00 fxg/mL significantly decreased the 
protective capacity of EPO, yielding EC survival rates of 
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Figure 1. EPO is necessary and sufficient for EC protection dur- 
ing anoxia. A, ECs were pretreated with EPO (0.01 to 1000 
ng/mL) 1 hour before exposure to anoxia, and ceil survival was 
assessed 24 hours later rP<0.01 vs anoxia). B, EPO antibody 
(Ab; 0.01 to 1.00 /jig/ml^ was applied 1 hour before anoxia, and 
EG viability was not altered. 0, Increasing concentrations of 
EPO Ab (0.01 to 1.00 /ig/mg were applied to ECs in conjunc- 
tion with EPO (10 ng/my for 1 hour before anoxia CP<0.01 vs 
anoxia). In all cases, control indicates untreated ECs. 

50±4% (P<0.01). 42±3% (P<0.01X and 43±5% (P<0.01), 
respectively (Figure IC). 

EPO Prevents DNA Fragmentation in ECs 
During Anoxia 

ECs were demonstrated to undergo qxtptosis manifested by 
chromatin condensation and nuclear fragmentation 24 hours 
after anoxia (Figure 2A). In contrast. ECs pretreated with 
EPO (10 ng/mL) i hour before anoxia were without nuclear 
fragmentation. As shown in Figure 2a, anoxia resulted in a 
significant increase in percent DNA fragmentation (40±5%) 
compared with untreated control cultures (2±1%). DNA 
fragmentation was reduced to 12±2% in EC cultures during 
application of EPO over a 24-hour period. 

EPO Maintains Membrane PS Asymmetry 
During Anoxia 

In Figure 2B» exposure to anoxia resulted in the mariced 
induction of membrane PS exposure that is present through- 
out the membrane of ECs. Administration of EPO ( 1 0 ng/mL) 



1 hour before anoxia prevented the exteraalization of mem- 
brane PS residues in ECs. In Figure 2b, a significant increase 
in membrane PS residue exposure was observed in EC 
cultures at 24 hours after anoxia (56±5%) compared with 
untreated control cultures (3±2%). Application of EPO (10 
ng/mL) 1 hour before anoxia significantly inhibited extemal- 
ization of membrane PS residues to 11 ±3%. 

EC Protection by EPO Is Dependent on Increased 
Activity of Aktl 

Western blot assay was performed for p-Aktl (the activated 
form of Aktl) 12 hours after anoxia. In Figure 3 A, EPO and 
anoxia independently (as well as combined) significantly 
increased die expression of p-Aktl. This increased expression 
of p-Aktl was blocked by the agents wortmannin (500 
nmol/L) and LY294002 (25 /xmol/L), which are inhibitors of 
Aktl phosphorylation. In Figure 3B, application of EPO (10 
ng/mL) 1 hour before anoxia significantly increased EC 
survival to 78 ±2%. Yet, coapplication of wortmannin (500 
nmol/L) or LY294002 (25 ^moI/L) at concentrations that 
block activation of p-Aktl during anoxia (Figure 3A) with 
EPO (10 ng/mL) significantly reduced the ability of EPO to 
protect ECs against anoxia, which suggests that EPO required 
some level of Aktl activation to offer protection. 

EPO Modulates Mitochondrial Membrane 
Depolarization and Release of Cytochrome c 
During Anoxia 

Compared with untreated control cultures, exposure to anoxia 
produced a significant decrease in the red/green fluorescence 
intensity ratio when the cationic membrane potential indica- 
tor JC-1 was used within 3 hours (Figures 4A and 4B), which 
suggests that anoxia results in mitochondrial membrane 
depoiarizadon. Application of EPO (10 ng/mL) 1 hour before 
anoxia significantly increased the red/green fluorescence 
intensity of the ECs, which indicates that mitochondrial 
permeability transition pore membrane potential was restored 
to baseline (Figures 4A and 4B). Administration of EPO (10 
ng/mL) 1 hour before anoxia maintained mitochondrial per- 
meability transition pore membrane function and prevented 
mitochondrial cytochrome c release as demonstrated by 
Westem blot analysis (Figure 4C). 

EPO Decreases Caspase 8-, Caspase and 
Caspase 3-Like Activities During Anoxia 
In Figure 5, EPO (10 ng/mL) was applied to the EC cultures 
1 hour before anoxia, and data for caspase 8, caspase 1, and 
caspase 3 activities were obtained 12 hours after anoxia, 
because this time period represented the peak activities for 
these cysteine proteases .5- Administration of EPO signifi- 
cantly decreased caspase 8-like activity to 0.09±0.04 fimol 
' min"^ • g"* (P<0.01; Figure 5A). Similarly, EPO pretreat- 
ment significantly reduced the activity of caspase 1-like 
activity (0.12±0.03 /imol • min"' • g~*) and caspase 3-like 
activity (0.19±0.07 /imol • min'* . g'*) compared with 
cultures treated with anoxia alone (0.42±0.08 and 0.48±0.07 
/imol • min'* • g"', respectively; Figures 5B and 5C). 
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Figure 2. EPO prevents DNA fragmenta- 
tk>n and extemalization of membrano PS 
residues in ECs. A, ECs were exposed to 
anoxia, and DNA fragmentation was 
detenmlned 24 hours later kiy TUNEL 
assay, a. Pretreatment witti EPO (10 
ng/mlj decreased DNA fragmentation 
significantly during anoxia exposure 
(*P<0.01 vs anoxia). B, ECs were labeled 
with annexin V piiycoerytiirln to visualize 
PS exposure 24 hours after anoxia and 
were imaged with transmitted (T) light 
and corresponding fluorescence (F) 
Images of same microscopy field, b, Pre- 
treatment with EPO (10 ng/mlj 1 hour 
before anoxia significantly prevented 
membrane PS extemalization (*P<0.01 
vs anoxia), in all cases, control indicates 
untreated ECs. 
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EPO Protects ECs From Ii^ury Through 
Modulation of Caspase 8-, Caspase and 
Caspase 3-Like Activities 

As shown in Figiiie 6A, pretreatmeat of ECs with 50 ^mol/L 
of lETD, YVAD, and DEVD to inhibit caspase 8-, caspase 
and caspase 3-like activities significantly increased EC 
survival to «83±3%. 80±4%, and 85±2%, respectively. In 
Figure 6B, coapplication of EPO with the caspase 8 inhibitor 
(lETD. 50 fimoUL), caspase 1 inhibitor (YVAD, 50 /imol/L), 
or caspase 3 inhibitor (DEVD, 50 ptmoI/L) did not provide a 
synergistic level of protection against anoxic injuiy, which 
suggests that cytoprotection by EPO requires the modulation 
of caspase 8-, caspase 1-, and caspase 3-like activities. 

Discussion 

We identified several key characteristics of die cytoprotectant 
EPO that were critical for protection against EC injury and 
apoptosis. First, although administration of EPO was not 
toxic in relation to EC survival or programmed cell death, 



protection with EPO was achieved only in a limited concen- 
tration range. Concentrations of EPO <0.1 ng/mL or > 100 
ng/mL did not enhance EC survival during anoxia. Similar to 
the present work, other studies also illustrated a tight thera- 
peutic concentration range for EPO with corresponduig ex- 
tracellular concentrations of ""lO ngfmL.^^ Continuous infu- 
sion of EPO at 5 to 25 U/d for 7 days reduced infEurt size in 
models of cerebral ischemia, but this protection was lost 
when administration of EPO was increased above 50 U/d.*^ 
Second, administration of EPO is both necessary and suffi- 
cient to protect ECs from anoxia. In the presence of anoxia, 
application of the EPO antibody alone, which can bind to 
EPO and block its biological activity," did not alter EC 
survival. Yet, protection by EPO is prevented only with 
coapplication of the EPO antibody. These results illustrate 
diat EPO provides necessary and sufficient protection against 
EC injury. Third, EPO maintains EC survival during anoxia 
through prevention of DNA fragmentation and maintenance 
of cellular membrane asymmetry. The present studies with 
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Figure 3. Cytoprotection by EPO in ECs is mediated In part by 
activation of Aktl. A, Equal amounts of EC protein extracts (50 
^ane) were immunobiotted with anti-p-AictI (active Akt1) anti- 
body. Exposure to EPO (10 ng/mL) or anoxia significantly 
Increased p-Akt1 expression. Application of Akt1 phosphoryla- 
tion inhibitor wortmannin (Wort: 500 nmol/L) or LY294002 (LY; 
25 M^Tiol/L) was sufTicient to block expression of active p-Akt1 in 
presence of EPO during anoxia. B, At concentration that blocks 
activation of p-Aktl during anoxia, wortmannin (Wort; 500 
nmol/g or LY294002 (LY; 25 fimot/L) applied 1 hour before 
anoxia significantly reduced protective capacity of EPO (10 
ng/imL) during anoxia pP<0.01 vs anoxia; tP<0.01 vs EPO). In 
all cases, control indicates untreated ECs. 



EPO complement prior work that illustrates a separate bio- 
logical role for DNA degradation that is distinct from die 
inversion of membrane PS residues.**" Intact cellular func- 
tion is afforded by EPO dirough the maintenance of genomic 
DNA in ECs. Long-term protection results through die 
inhibition of membrane PS residue exposure, because PS 
extemalization marks cells for phagocytic elimination * leads 
to the propagation of a procoagulant surface,^*^ and can 
promote cellular inflammation.^ 

Several cellular signal transduction padiways may mediate 
the protection of EPO. EPO can increase the activity of Aktl , 
and inhibition of Aktl activation can impair the protective 
capacity of EPO, which suggests tiiat EPO is dependent on 
the activation of Aktl for its cellular protection m ECs. 
Interestingly, blockade of Aktl activation can accoimt only 
partially for the loss of protection by EPO in ECs during 
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Figure 4. EPO prevents mitochondrial membrane depolarization 
and cytochrome c release. A. EPO (10 ng/mL) was applied 
directly to ECs 1 hour before anoxia, and mitochondrial staining 
with membrane potential indicator (JC-1, 2 )xg/mL, 30 minutes) 
was performed 3 hours later. Application of EPO (10 ng/mL) 
prevented mitochondrial depolarization. B, Relative ratio of red/ 
green fluorescent intensity of mitochondrial staining was mea- 
sured in 4 independent experiments with analysis performed 
with public domain NIH Image program (developed at National 
Institutes of Health and available on the Internet at hnp://rsb.in- 
fo.nih.gov/nih-imaga/. •PsO.01 vs control; t^<0.01 vs anoxia 
C, Representative Western blot with equal amounts of mito- 
chondria] protein extracts (50 pig/lane) were immunobiotted, 
which denrK>nstrated that application of EPO (10 ng/ml.^ signifi- 
cantly prevented cytochrome c release from mitochondria dur- 
ing anoxia. In all cases, control indicates untreated ECs. 

anoxic injuiy. The present work suggests that alternate 
cellular padiways are responsible for the mediation of EC 
protection by EPO. One particular pathway that is closely 
associated with Aktl activation is the modulation of mito- 
chondrial membrane poteatial.^^ Mitochondrial mediated ap- 
optosis can result in the cytoplasmic release of cytochrome 
c.^^ In the present studies, we demonstrate that anoxia leads to 
depolarization of the mitochondrial membrane, with subse- 
quent release of cytochrome c. Consistent with earlier clinical 
studies diat demonstrate preserved mitochondrial function as 
a result of EPO administration,^^ the present studies illustrate 
diat EPO directly maintains mitochondrial membrane poten- 
tial and prevents the release of cytochrome c. 

In response to mitochondrial membrane depolarization and 
cytochrome c release, induction of caspase activation occurs. 
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Figure 5. EPO prevents increase In caspase 8- caspase 
and caspase 3-like activities after anoxia. ECs were exposed to 
anoxia, and caspase 8- {fii, caspase 1- (B), and caspase 3 (C)- 
like activities were assessed 12 hours later through their respec- 
tive colorintetric substrates. Pretreatment with EPO (10 ng/mL) 1 
hour before anoxia significantiy inhibited increase in activity of 
caspase 8 caspase 1 (B), and caspase 3 (C) induced by 
anoxia CP<0.01 vs anoxlef. In aP cases, control indicates 
untreated ECs. 



Anoxia can directly stimulate caspase 1- and caspase S-like 
activities after mitochondrial release of cytochrome c to 
precipitate DNA fragmentation and membrane PS expo- 
sure*^^*^ Caspase 8 serves as the upstream initiator of 
executioner caspases, such as caspase 1 and caspase 3, and 
also leads to the release of cytochrome c^^ Previous studies 
suggested that prevention of apoptosis in erythroid progenitor 
cells may be associated with modulation of caspase activity 
by EPO.^ The present woric demonstrates that EPO prevents 
the induction of caspase 8-, caspase and caspase 3-like 
activities during anoxia. In addition, experiments that exam- 
ined the combined application of cysteine protease inhibitors 
with EPO during anoxia demonstrated no synergistic increase 
in EC survival, which suggests that EPO direcUy inhibits 
caspase 8-, caspase and caspase 3-like activities to 
provide EC protection. The ability of EPO to prevent cysteine 
protease activity appears to occur at the level of downstream 
cellular patiiways, such as through the prevention of mito- 
chondrial membrane depolarization and the release of cyto- 
chrome c. 
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Figure 6. EPO protects ECs from Injury through modulation of 
caspase 8-, caspase and caspase 3-4ike activities. A, ECs 
were pretreated with caspase 8 inhibitor (lETD, 50 |imol/L). 
caspase 1 inhibitor (WAD, 50 fimol/L), or caspase 3 Inhibitor 
(DEVD, 50 jumol/Lj 1 hour before anoxia, and sun/ival was 
determined 24 hours after anoxia (*P<0.01 vs anoxia). B, ECs 
were pretreated with EPO (10 ng/mtj alone or In combination 
wflth lETD (50 Mmol/L), YVAD (50 /imol/l.), or DEVD (50 fAmoi/L). 
No enhanced or synergistic protection was observed during 
application of each caspase Inhibitor combined with EPO com- 
pared with cultures exposed to EPO and anoxia alone. In all 
cases, control Indicates untreated ECs. 
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/ An hereditary motor neurone disease with progressive 
denervation of muscle in the mouse: the 
mutant 'wobblef 

!' L. W. DUCHEN AND SABINA J. STRfCH (With an AppcndU by D. S, FALCONER) 
i from the Department of Neuropathology^ Institute of PsychiaSry, 

The Maudsley Hospital, London and the Institute of Animal Genetics, Edinburgh 



More than one hundred hereditary neurological 
'\ diseases of mice are now on record (GrQncbcrg, 1 952, 
' 1956; Sidman. Green, and Appcl. 1965). For many 
: of these conditions only clinical descriptions and 
/. gpnclic data are available and few pathological 
j investigations have been made. This paper describes 
; the clinical and pathological studies of an hereditary 
\ disease in mice in which the primary abnormality 
1' appears to be located in the perikaryon of motor 
; neurones. The disease arose as the result of a 

sponlaneous mutation in the C57 BL/Fa strain of 

imicc at the Institute of Animal Genetics, Edinburgh. 
The mutant, which was named 'wobbler* (Falconer. 
1956) is transmitted by an autosomal recessive gene 
w (see Appendix). The clinical and pathological 
characteristics of this mutant were briefly described in 
a preliminary communication (Duchen, Falconer, 
andStricM966). 

THE CLINICAL SYNDROME 

These observations are based on a study of more than 
50 affected animals aged from 19 days to more than 
one year. Mice which are heterozygous for the gene 
i are clinically normal, but about 25% of their 
I* offspring may be expected to be homozygous 
I 'wobblers' (wrfwr). The homozygous mice show no 
I clinical abnormality during the first three weeks 
1 after birth, but by the fourth week they arc smaller 
^ *han their littermatcs and always remain so. They 
; have a high-stepping, slightly unsteady gait and a 
fine tremor of the head. Over the next few weeks there 
progressive unsteadiness associated with a 
hobbling type of gait with the head and front part of 
? the trunk held lower than normally. Weakness of 
. "Tiusclcs becomes apparent by the fourth or fifth 
J ^«ek and is most obvious in the forelimbs, the grip 
. of the foiepaws being particulariy affected. From the 
( fourth to about the twelfth week there is progressive 
i ^eaknm and wasting especially of the muscles of the 



head, neck and forelimbs, while the hindlimbs are 
less affected. The unsteady wobbling gait becomes 
more obvious and the mouse becomes unable to 
extend the for^aws at the wrist, so that it ultimately 
walks on the dorsum of the paws (Fig. I). In ad- 
vanced stages of the disease the mouse has great 
difficulty in using the forelimbs for climbing (Fig. 2) 
or walking, and pushes itself along with the hmd- 
limbs which are usually less severely affected. The 
facial muscles are atrophied, giving the snout a 
pointed appearance and the ears tend to lie back. As 
in other neurological diseases in mice, the hindlimbs 
become flexed and adducted instead of extended 
when the animal is lifted by the tail. 

The course of the disease varies somewhat m 
different mice. Usually after a period of rapid 
deterioration up to the third or fourth month of age, 
the progress of the disease seems to slow down and it 
may even become *burnt out\ Some affected mice 
have lived for more than a year in spite of muscle 
weakness and wasting. In other cases the disease 
causes more extensive and severe muscle weakness 
and is fatal by the third or fourth month. There is no 
clinical evidence of any abnormality in any of the 
sensory systems. It has proved impossible to breed 
from affected males or females. 

MATERIAL AND METHODS 

Histological studies were made of 40 clinically affected 
mice ranging in age from 5 weeks to 13 months. Un- 
affected littcrmates. some of which may have been hetero- 
zygous for the gene wr, and normal mice of other strains 
were used as controls. In order to determine whether there 
were histological changes before the onset of clinical 
abnormalities two entire litters, aged 19 and 22 days 
respectively, derived from known heterozygous parents, 
were examined. In each litter one mouse showed histo- 
logical abnormaKtics- 

The mice were killed with chloroform, the thoracic and 
abdominal caviUcs opened and the skin over the skull and 
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HG, 1. A 'wobbler* mouse 10 weeks old. Note the ab- 
nornud posture. The animal cannot extend the forepaws. 
The face Is thinner than that of a normal tnouse. 




nc. 2. A *wobb!er* mouse 6 months old climbing on a 
vertical wire grid. The mouse does not grip with thefore^ 
paws but uses the forelimb like a hook. The ears do not 
stand up because of paralysis of the levator aurls longus. 

spinal oolunm reflected. The mouse was then immersed in 
fixative which was dther formol-alcohol (10% formalin 
in 60% alcohol) or formol-caldura (10% formalin with 
1 % calcium acetate). After fixation whole mice were 
decalcified in fonnic-citrate sohition (65 parts 20% 
sodium citrate and 35 parts 90% formic acid) and blocks 
of tissue were embedded in paraffin wax or in gelatin for 
frozen sections. Paraffin sections were made of brain and 
brain-stem in sagittal or coronal planes and of the trunk 
and limbs in transverse or longitudinal planes. Much use 
was made of the *serial block' niethod of Beesley and 
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Daniel (1956) hi which consecutive transverse segments of 

tissue are embedded in one block of wax. >\qth the use of I 
this method the entire brain and spmal cord of several \ 
animals of different ages were examined in serial sections. 1 
Staining methods ised on paraffin sections included 
haematoxylin and eosin, iron haematoxylin, and van 
Gieson's mixture; Mallory's phosphotungstic add- 
haematoxylin; periodic acid-Schiff; Holzer's method for 
astrocytes; cresyl violet (Nissl's method) alone or 
combined with luxol-fast blue (KlQvcr and Barrera, 1953j • 
to demonstrate myelin; Gallyas's method (1963) for , 
microglia ; and Palmgrcn's ( 1948) silver method for nervc 
fibres. Frozen sections of central and peripheral nervous 
systems were stained for fat with oil-red-O, and nerve 
fibres V(<ere demonstrated in thick (60^) serial seettons of 
whole limbs by Schofield^s (1960) method. 

HiaiOLOOICAL OBSERVATIONS 

The most characteristic abnormality found in all ths 
affected mice was a degeneration of nerve cells of the 
motor system in the brain-stem and spinal cord» but 
not in basal ganglia or cerebral cortex. Thttt was 
progressive denervation of skeletal muscle. 

In all animals examined, motor nerve cells in 
various stages of degeneration were seen side by side 
with nonnaHooking cells (Fig. 3). In what appeared 
to be an early stage, the nerve cell vvas enlarged, 
sometimes became rounded, and the Nissl substance 
of the perikaryon stained poorly (Fig. 4).Thc nucleus 
with its prominent nucleolus was central in position 
as in the normal cell. At a later stage in the degenera- 
tion the cell body was filled or partially filled with 
vacuoles which appeared empty with all the stains 
used. In some cells the nucleus was eccentric in 
position (Fig. 3). In the last stages of degeneration 
the nerve cells were almost unrecognizable. In these 
cells the nucleus was surrounded by an iil«defincd 
mass of vacuoles (Fig. 5). No glial or microglial 
reaction was observed around any of the abnonnal 
cells, nor were glial nodules found in the later stages 
of the disease. Cells in all stages of degeneration 
could usually be found in the same animal. Nerve 
cells showing these changes have never been found 
in any dtnically normal littermates of 'wobbler* mice, 
nor In mii» of any of the other strains which have 
been studied in this laboratory. ^ ' 

The early changes in skeletal muscle consisted or 
enlargement of sarcolemmal nuclei ^^^f 
migration to the centre of the muscle fibre (Rg. 6). 
Later there was a decrease in the diameter of musc« 
fibres, first singly, then in groups and «vcn^"^ 
involving whole bundles (Fig. 7). This was foUow^ 
by the appearance of fat between atrophied 

^^•nie pattern of motor innervation of 
muscles became abnormal. In the early stages tnac 
was sprouting from preterminal axons, and suigi 
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ntfvc fibres innervated several muscle fibres (Figs. 9 
?nd 10). (In the mouse, as in other mammals, each 
Scrminal nerve fibre normally supplies one muscle 
£.) In later stages there was a marked reduction 
J, the number of motor nerve fibres m the affected 
musdes. These changes in muscle and nerve fibres 
arc characteristic of progressive motor denervation. 

No abnormalities were found in the sensory inner- 
vation of structures such as skin, mucosae, teeth, or 
Pacinian corpuscles. Muscle spindles appeared 
flomuil and had normal spiral endings in young 
*wobblcrs\ In old animals some muscle spindles were 
atrophied and had thickened capsules, but only in 
regioas whwfr denervation atrophy of extrafusal 
fibres was very severe. The innervation of the muscle 
spindles was not studied in detail. 

PRECLINICAL ^AQE In the 19- and 22-day-old mice 
many abnormal nerve cells were found in the bram- 
stcm, in the ventral magnoccllular reticular nucleus 
(Fig. 3), and in the motor nuclei of cranial nerves V 
and VII. A few abnormal cells were found in the red 
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nucleus, substantia nigra, anterior and posterior 
colliculi. and in the deep cerebellar nuclei. No 
abnormalities were seen in the cerebral cortex. In the 
spinal cord many abnormal cells were present in the 
ventral horns of the cervical region, but fewer m 
thoracic and lumbar levels. 

In paraffin sections of skeletal muscle a few fibres 
with centrally placed nuclei were seen but no 
atrophied fibres were present In the frozen silver- 
impregnated sections of the limb muscles, however, 
abnormalities wer* present In the nerve fibres. 
Fragmented axons were seen in some intramuscular 
nerve trunks and some motor fibres ended in bizarre 
club-shaped swellings instead of the fine termina 
arborization normally seen. Many preterminal 
axons showed fine sprouting and innervated more 
than one muscle fibre. 

YOUNG *wobbler' MICE In thesc mice clinical 
abnormalities were deariy present. Nerve cells in 
various stages of degeneration were present in the 
brain-stem and spinal cord. Th^ appeared to be 
more numerous in the ventral horn of cervical spinal 
cord than in brain-stem or thoracic and lumbar cord, 
though cell counts were not done* Silver impregna- 




^> 3. Swollen and vacuolated nerve cells (arrows) in (he 
^^^^oceliular reticular nucleus of the medulla of a J9^ay' 
old mouse killed before the onset of clinical signs, (Cresyl 
*loUt, X 250.) 



no 4 Ventral horn cells of the cervical spimd cord of a 
'wobbler' mouse 8 weeks old. One cell {arrow) shows early 
degenerative change. It is enlarged and has no stainable 
rfissl bodies. {Luxoi-fast-bluelcresyl violet, x 400,) 
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FIG. 5. Ventrcdliom cell in an advanced slute ofdegenera- 
lion. The nucleus is surrounded by a mass of vacuoles. 
(Luxot-fashbiuelcresyl violet, x iW.) 




Fio. 7. Facial muscles of a S-month-old ^wobbler' 
mtuse. There is atrophy of some fascicles whilst others are 
normal^ a pattern typical of partial motor denervation. 
{HandE. x 400,) 
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no. 6. Foreleg muscle of a *wobbhr* mouse 36 days old. 
Early denervation changes are present. Many muscle fibres 
(arrows to two) have centrally-placed nuclei and are 
smaller titan normaL (H and £, x 




no. 8, Foreiimb muscle showitig advanced denervation 
atrophy. There is fat between severely atrophied mascit 
fibres. A bundle of normal-sized fibres is present, (H ana 
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riott of froien sections of limb muscles now showed 
SkedcoHateralsproutingofaxonsandmanyofthc 

S2Wve fibres were beaded. The preterminal axons 
several muscle fibres and some nerve 
were small and ""branched Jhe oen^e 
SouSig occurred mainly from the ^e'-n^^f^ part 
rfrtw axon and not from the termmal arborization. 
Abnormalities in skeletal muscle fibres were now 
Sdily seen. Sarcolemmal nuclei were enlarged with 
prominent nucleoli and ™»"y 
Uined centrally placed nuclei (Fig. 6). Atrophied 
muscle fibres were first seen In 6-7-week-old mice— 
(hat is. two weeks after the onset of clinioil weakness 
Land were situated at the periphery of the muse e 
bundles. Later there was atrophy of groups of muscte 
fibres (Fig. 7). These denervation changes were found 
in muscles of the head, neck, shoulder girdle, and 
fmelimb more than *m the hindlimb. 




rio. 9. Silver impregnartoti of muscle of a 4-month-old 
'wobblrr\ A single preterminal axon (firnw) branches 
'tpeatedly and Immrmtes several muscle fibres. {Sehofield, 
X 265.) 



OLDER 'WOBBLER' MICE Degenerating nerve cells 
were seen and were still most numerous in cwvical 
spinal cord. Grey and white matter of the spinal cord 
was smaller than In littermate controls, but the size 
of the spinal cord was not obviously out of propor- 
tion to the size of the animal. The pyramidal tracte 
appeared normal. In the ventral horn there seenied 
to be a reduction in the number of motor nerve ceus. 
No astrocytic gliosis or microglial proliferation was 
seen in the spinal cord. The ventral roots were not 

'''''nwskcletal muscles which were alTected became 
more atrophied. Muscle fibres became progr«sive y 
smaller in diameter and some muscles were largely 
replaced by fat. No muscle fibre necrosis and no 
'target' fibres were seen at any stage of the disease. 
Studies of the innervation of the severely atrophjed 
muscles showed a marked reduction in the number 
of motor nerve fibres, while many of the axons 
which were present showed collateral sprouting 
(Figs. 9 and 10). Thin beaded nerve fibres apparently 
ending in fatty tissue and not on muscle fibres were 
present. In mice which survived for more than a year 
occasional degenerating nerve cells were present in 
the ventral horns of the spinal cord. Evidence of 
early denervation was usually present in some 
muscles while in others the atrophy was advanced. 

DISTRIBUTION OF DENERVATION ATROPHY The distri- 
bution of the skeletal muscles which showed 
denervation atrophy was remarkably similar in all 
the animals studied. Not every muscle was afifected, 
but those which did show atrophy were affected on 
both sides of the body. For example, of the facial 
muscles, the platysma— innervated by the Vllth 
cranial nerve— was always severely and sym- 
metrically affected while the masseters— innervated 
by the Vlh cranial nerve— were at least partially 
preserved even in the longest survivors. The muscles 




fKi. 10. Silver impregnation of muscle of a 'wobbler' showing one long nerve fibre mth many sprouts. This (s character- 
ftlte ofpmrtlai nwlor denervation. (Schofield, x 340.) 
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of thcncckand shoulder region were severclyaffcc^ 
while the forcHmbs showed more severe a^ophy 
proximally than distally- Trunk muscte a^^^^ 
phragm were relatively spared and hmdlimb musctes 
were less involved than those of the forclimb. In the 
hindUmb, proximal muscles were more atrophied 
than distal ones, and in some animals the only 
muscles below the knee to show denervation atrophy 
were the gastrocnemii. 

DISCUSSION 
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The abnormalities which have been observed in the 
brain-stem and spinal cord of the Vobblcr' mouse 
indicate that this disease primarily affects motor 
nerve cells. The first abnormality seen m the motor 
neurones was swelling of the cell body and dis- 
appearance of Nissl substance. Later the cytoplasm 
became vacuolated. Andrews and Maxwell (1967) 
have studied the venUal horn cells of the *wobblcr 
mouse with the electron microscope and observed 
that the perikaryon was filled with many small vesicles 
in some cells, while in other nerve cells the vesicles 
were large and almost replaced the cell. These 
abnormalities can be correlated well with the light 
microscopic changes described in thenerveccUs m the 
present paper. The pathological findings suggest a 
primary degeneration of the nerve cell body and arc 
not like the changes in the perikaryon secondary to 
axonal degeneration. It has been shown aorvik and 
Heding, 1967) that the reaction to axonal injury in 
motor nerve cells of the nucleus of the facial nerve in 
the mouse is characterized by increased basophilia of 
the perikaryon and reduction in size of Nissl 
granules. ^ ^ . 

In the skeletal muscles the atrophy of muscle 
fibres occurred in groups and fascicles, a pattern 
characteristic of motor denervation. Sprouting and 
branching of preterminal motor nerve fibres, of the 
pattern seen in the skeletal muscles of these mice, are 
like those described as a response to partial motor 
denervation CTello, 1907; Edds, 1950; Wohlfiirt and 
Hoffman, 1956). No necrosis of muscle fibres was 
seen at any stage of the disease and there was no 
evidence to suggest that this disease process prim- 
arily affects muscle fibres. The rapid accumulation of 
fat in theatrophied muscles of the *wobbler' mouse is 
also seen in other forms of motor denervation in the 
mouse (atrophy after local iiyection of botuUnum 
toxin: Duchen and Strich, 1968; atrophy after nerve 
section: authors' unpublished observations). 

Nerve cell degeneration was seen in 3-week-old 
mice killed before the onset of detectable muscle 
weakness. In these animals there was already abun- 
dant sprouting from intramuscular axons. Clinical 
muscle weakness was detectable at about 4 weeks of 



age and atrophy of muscle fibres was first seen at 6 
weeks. It seems likely, therefore, that re-innervation « 
by collateral sprouting of intramuscular nerve fibre* ] 
was able to compensate for the loss of motor neu- 1 
rones for some weeks. 

In all the mice studied histologically the distribu* 
tion of atrophied skeletal muscles was very similar. 
Some muscles were always relatively spared. The 
manner in which an hereditary defect can affect some 
nerve cells but spare others of the same system is not 
clear. A relatively constant distribution of muscle 
weakness is also found in some hereditary neuro* 
muscular diseases in man, such as peroneal muscular 
atrophy, the juvenile form of muscular atrophy 
(ICugelbcrg and Wclandcr, 1956) and in muscular 
dystrophics. In the infantile form of motor neurone 
disease (Wcrdnig-Hoffmann disease) weakness is 
first seen in the trunk muscles, but in the fully 
developed disease abnormal motor nerve cells arc 
seen throughout brain-stem and spinal cord (Concl, 

1938, 1940). r • I * 

Sporadic or inherited cases of spina! motor neu- 
rone d^enerat ion have occasionally been described in 
various animals (Innes and Saunders, 1962). The 
•wobbler' mouse provides an example of an heredi- 
tary disease of motor nerve cslls in a small laboratory 
animal. Although the underlying causes of thediseasc 
may differ from those in human diseases this mutani 
is a useful model for the study of many aspects of 
neuromuscular disorders. 



SUMMARY 

The clinical and pathological findings in an heredi- 
tary neuromuscular disorder in mice are described. 
This disease, known as •wobbler*, arose by spon- 
taneous mutation and is transmitted by a single i 
autosomal recessive gene wr. The condition e 
characterized by progressive muscular weakness and 
wasting, Degerierating motor nerve cells were found 
in the brain-stem and spinal cord and there was 
progressive motor denervation of skeletal muscle. 
The pathological findings indicate that m this 
hereditary disease there is a primary abnormabty m 
the perikaryon of motor nerve cells. 
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Davcy, and Mr. 1. J. Sdff forihe tectoicslwork^^^ 
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APPENDIX 



The gene wobbler (wr) arose by spoataneous muta- 
lion in the C57BL/Fa inbred strain, and was first 
detected In the progeny of one pair in 1955. It was 
maintained on theC57BL background for eight years, 
awaiting possible investigation. In order to facilitate 
the maintenance it was transferred to a non-inbred 
background in 1963. 

Two proved hetcrozygotes when outcrossed 
produced a total of 21 female and 14 male offsprings 
all of which were normal- This proved the gene to be 
recessive. The segregation from proved heterozygous 
pairs b given in the Table. On the C:57BL back- 
ground there was a significant deficiency of wrjwr 
Homozygotcs, when tested against the expectation of 
25%. The deficiency was greater in females than 
males, though not significantly so. The non-inbred 
nuttings showed a smaller and non-significant 
deficiency which, in this case, was less in females 
than in males. The two types of mating are, however, 
not significantly heterogeneous with respect to the 
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ratios obtained^ even when only the females are 
compared. Thus, there were undoubtedly fewer than 
the expected number of classified homozygotes m 
the C57BL families and possibly also in the non- 
inbred families. 

The cause of the deficiency of wriwr homozygotes 
was not identified. It seems unlikely to have been due 
to differential mortality between birth and classifica- 
tion, because the proportion of offspring that died— 
given also in the Table-^was not highw where the 
deficiency was greater. Since classification cannot be 
made with certainty until a week or more after the 
mice are weaned at about 3 weeks of age. there was a 
possibility that some litters might have been prema- 
turely discarded with some individuals erroneously 
classified as normal. This, however, does not seem 
to be the explanation because the deficiency was 
equally evident in litters that had been classified at 
two months or more. In the absence of identified 
postnatal causes, the deficiency must presumably be 



TABLE 



\ Outbred 





PHENOTYPES OF 
Sex 


OFFSPRING FIW)M +Wr X +IVr MATfNGS 
trr 1- T'^^'o' 




Deadbefort 

classi/icctioa 
ino.) (%) 


28 


Females 
Males 
Unknown 
Total 


45 
67 

112 


234 
264 

498 


279 
331 

610 


16- i 
20-2 

182 


16 
24 
6 
46 


(5-4) 
(68) 

a-5) 


9 


Pemala 
Males 
Unknown 
Total 


22 
26 

48 


73 
97 

no 


95 
123 

218 


232 
211 

22-0 


10 
8 
5 

23 


(9-5) 
(61) 

(To-l) 



* * beteroiygotes: wr « 'wobWer* mlc«; + - non •wobbler' mice. 
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ascribed to increased prenatal mortality. In this case 
the diffciential mortality of homo^ygotcs in the 
C57BL families was 32%. 

If this greatly increased prenatal mortality is real, 
it will have an interesting bearing on the search for 
the primary genetic lesion. The clinical signs of 
disease do not appear until 3 weeks after btrth» but 



even if the motor neurone d^eneration started 
before birth, it is hard to believe that this would 
seriously reduce the viability of embryos. 
primary genetic lesion may, therefore, be a more 
generalized metabolic defect of whidi the nerve cell 
degeneration is a later consequence. 



Carbamylated Erythropoietin Reduces 
Radlosurgically-lnduced Brain Injury 
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Gamma knife radtosurgery Is an attractive noninvasive treatment of brain tumors and vascular malformations ttiat minimizes 
collateral tissue damage. However, exposure of normal tissue to even low-dose radiation triggers a cascade of acute and 
chronic Injury and potentially significant morbidity arnj mortality. Because many Irradiated patients now survive for years, identi- 
fying methods to prevent radiotherapy-induced collateral tissue damage is a major focus of current research. Erythropoietin 
(EPO). a cytoldne produced locally by many tissues in response to Injury, antagonizes apoptosis, reduces inflammation, and pro- 
motes healing. Systemic administration of recombinant EPO. widely used for treatment of anemia, provides robust protection 
from numerous Insults in a variety of tissues, including the brain. Although irradiation injury Is lilcely sensitive to EPO, the hematopoi- 
etic activity of EPO is undesirable in this settb^g, increasing erythrocyte number and predisposing to thrombosis. To avoid these 
potential adverse effects, we developed carbamylated EPO (CEPO) wtilch does not stimulate the bone marrow. In this study, we 
show that CEPO (50 fig kg"^ Intraperitoneally) Improves functional outcome when administered to adult rats just before, and then 
once doily for 10 d after, a necrotizing dose of radiation (100 Gy) to the right striatum, immediately following Irradiation, use and 
reflex movements of the contralateral foreiimb to vibrlssae stimulation were abnormal but rapidly Improved in animals receiving 
CEPO, Moreover, histological examination revealed that the extent of brain necrosis after 90 days was reduced by - 60%. These 
flrjdlngs further extend the idnds of Injury for which administration of a tissue-protective cytokine provides benefit. 
Online address: hitp://www.molmed.org 
dok 10.21 19/2006-00042.Erbayraktar 



INTRODUCTION 

Historically, radiation-induced brain 
injury was thought to exhibit a delayed 
response (requiring months to years to 
become evident) as affected cells die. It 
is now clear, howevei^ that the nervous 
system responds to radiation in both 
acute and chronic ways. For example, 
recent data show that radiation damage 
is a d)mamic process, involving many 
cell types, similar to other forms of tis- 
sue injury (1,2). Moreover, radiation 
technology that delivers much higher 
doses in a single treatment (i.e., stereo- 
tactic radiosurgery) produces a pro- 
nouiKed acute injury consisting of 
edema and inflammation and can lead 



to the rapid development of necrosis of 
surrounding normal brain tissue. The 
presence of a structural lesion may fur- 
ther predispose surrounding tissue to 
injury by physical distortion, inflamma- 
tion and the development of fibrosis 
(2). For example, radiosurgery per- 
formed for arteriovenous malforma- 
tions is associated with an incidence of 
life-threatening brain necrosis of up to 
10% to 20% in treated patients (3,4). Al- 
though protracted courses of glucocor- 
ticoids and rheological agents such as 
warfarin, acetylsalicylic add, and he- 
parin are frequently used as treatment 
for postradiosiirgery injury, these inter- 
ventions are not primary treatments 



and their true efficacy is anecdotal and 
largely unknown (5-7). Further, inciden- 
tal damage producing long-term dis- 
abilities may occur to important struc- 
tures such as cranial nerves adjacent to 
the radiosurgical target, as is frequently 
seen with the radiosurgical treatment of 
skull-base tumors such as vestibular 
schwaiutomas and meningiomas. With 
many ongoing improvements in health 
care, cancer patients and others under- 
going radiotherapeutic treatments sur- 
vive long enough for these effects to 
become clinically significant and ad- 
versely affect quality of life. Therefore, 
the development of any adjuvant ther- 
apy that reduces radiation-related side 
effects is clearly desirable. 

For many years it was unclear how 
the centrifugal spread of tissue injury 
away from a damaged region is termi- 
nated. Recently, it has been recognized 
that the cytokine erythropoietin (EPO) is 
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Figure 1. The experimental setup Included a modified stereotactic frame to hold and ori- 
ent the rat (A). This device allowed positioning within ttie GE Slgna MRi scanner (B) arnj 
LeskeU y Knife (C) used In this study. 



produced locally and limits injury in a 
multifunctioiuil manner by antagonizing 
the action of proinflammatory cytokines 
and by preventing apoptosis^ reducing 
edema, maintaining vascular autoregula- 
tion, and mobilizing stem cells (re- 
viewed in ref. 8). However, EPO does 
not appear to directly attenuate neoosiS/ 
^ primary manner by which radiated 
lesions are thought to involute following 
radiosurgical treatment. These character- 
istics suggest that EPO could limit dam- 
age to tissue occurring aroimd the target 
of a necrotizing dose of radiation, while 
at the same time not causing radionesis- 
tance within itie targeted lesion. Because 
EPO has long been appreciated for its 
hormonal role in maintaining adequate 
numbers of erythrocytes — ^for which re- 
combinant human EPO (rhEPO) is 
widely used clirucally— this molecule 
has received much interest for use as a 
general tissue-protective agent (8). The 
widespread availability of rhEPO has 
opened up the possibility of exogenous 
administration for therapy of tissue in- 
juries, including before potential iatro- 
genic injury, for example, radiosurgery. 
The beneHcial effects of rhEPO have 
been especially well documented in ex- 
perimental models of brain and spinal 
cord injury in which large therapeutic 
time windows (hours to days) have been 
documented (8). In preclinical models, 
however, tissue protection using rhEPO 
typically requires doses that are higher 
than those employed in treatment of 
anemia, especially for nervous tissue. 
Unfortunately, rhEPO given at a high 
dose has potential adverse effects, par- 
ticularly via an interaction between the 
vascular endothelium and platelets, 
strongly promoting thrombosis (9). No- 
tably, several cancer clinical trials evalu- 
ating rhEPO administration at relatively 
high doses have encountered serious ad- 
verse effects, including increased mortal- 
ity in the rhEPO treatment arm (10,11). 
Because radiotherapy is itself well 
known to be thrombogenic (12), syner- 
gistic adverse effects of high-dose rhEPO 
treatment could negate any beneficial 
tissue-protective effects. 



The receptor for EPO expressed by 
the bone marrow cor\sists of a homod- 
imer (EPORiEPOR; (EPOR) J that untU 
recently was believed to function in 
both the hematopoietic and tissue- 
protective pathways. The receptor for 
EPO expressed by nor)hematopoietic tis- 
sues [for example, the nervous system 
(13)], however, possesses a lower bind- 
ing affiruty for EPO than does the 
hematopoietic receptor and, further, is 
associated with different proteins, con- 
sistent with a distinct receptor isoform. 
We have recently proposed that the tis- 
sue protective receptor is a heteromer 
comprising the EPOR in association 
with the common p receptor (Pc also 
known as CD131) used by the cytokines 
GM-CSF, lL-3, and IL-5 (14). The bind- 
ing sites of EPO for the homodimeric re- 
ceptor are well known, and we have 
shown how specific chemical or muta- 
tional modification of amino add 
residues within the binding site pro- 
duces molecules that do not have affin- 
ity for (EPOR)2, yet are equipotent widi 
EPO for tissue protection (15). For ex- 
ample, carbamylated EPO (CEPO) does 
not bind to (EPOR)2 and, therefore, 
lacks hematopoietic activity yet medi- 
ates potent tissue protection dirough the 
EPOR;Pc receptor (14). 

Herein, we demonstrate that CEPO 
given before and for a short time after 
necrotizing y irradiation significantly re- 
duces both the acute behavioral abnor^ 
malities and the ultimate extent of necro- 
sis following high-dose radiation injury. 



MATERIALS AND METHODS 

The animal protocols followed in this 
study were approved by the Animal Use 
and Care Comnuttee of the Kermeth S. 
Warren Institute in accordance with the 
directives of the Guide for the Care and 
Use of Laboratory Animals of the Na- 
tional Research Courrdl. Male Sprague- 
Dawley rats weighing 250 to 275 g were 
anesthetized using ketamine and immo- 
bilized in a MRI-compatible stereotactic 
device (Figure 1 A) as per Kondziolka et 
aL (16). Noncontrast volumetric imaging 
using a 1.5 T GE Signa MRI scanner (GE 
Healthcare Technologies, Waukesha, WI, 
USA) (Figure IB) was used to identify a 
radiosurgical target in the right striatum. 
A Leskell y Knife Model B (Oekta, Stock- 
holm, Sweden) and a 4-mm collimator 
helmet (Figure IC) were used to stereo- 
tactically deliver 100 Gy to the maximal 
dose point in the rig^t striatum (Figure 2). 
This dose and site were selected based 
on a previous study showing that this 
dose reliably produces necrosis in rat 
brain by 90 days (16). Before delivery of 
the Y radiatiorvr the experimental animab 
were randomized into 2 groups of 6 aru- 
mals receiving either ru>rmal saline or 
50 ng kg"' intraperitoneal CEPO 24 h be- 
fore radiation, irrunediately after, and for 
an additioruil 9 days. Researchers were 
blinded as to whidi arm of the study the 
experimental arumals were assigned. 
Follow-up evaluation consisted of 3 neu- 
rological tests of motor hmction per- 
formed on the dosing day, day 17, and 
day 25, as well as histopathological eval- 
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Figure 2. (Left) Concentrtc circles Indicate tissue receiving 90% and 50% of the 100-Gy 
dose wittiln the targeted region of the right striatum of animcd vfeuolized by MRl. (Right) 
The coronal section Indicates the Intended target for the 90-Oy dose. Scale bar« 2 mm. 



laation of the lesion at 30 days (2 ammals 
each group) and 90 days following injury. 

Neurological Testing 

Neurological testing included forelimb 
use asymmetry, vibrissae-elicited limb 
placement and forelimb akinesia. To re- 
duce the contribution of learning and 
adaptation to the behavioral analysis, the 
animals were habituated to the testing 
protocols before receiving radiation. 

Limb use asymmetiy test Forelimb 
use in exploratory luehavior was as- 
sessed according to the protocol of 
Schallert et al. (17). Briefly/ aiumals were 
videotaped for 5 min within a transpar- 
ent cylinder (20 cm diameter, 30 cm 
height) using a camera capable of single- 
frame display. A mirror was placed be- 
hind the cylinder to permit recording of 
forelimb movements whenever the ani- 
mal turned away from the camera. After 
recording, a single investigator blinded 
to the treatment evaluated forelimb 
usage as follows. 

(A) A wall exploration score was de- 
rived by entm\erating: (1) the indepen- 
dent use of the left or right forelimb for 
initial contact on the wall; (2) use of ei- 
ther forelimb to initiate a weight-shifting 
movement; (3) use of the left or right 
forelimb to regain the center of gravity 
while moving laterally in a vertical pos- 
ture; and (4) simultaneous use of both 
forelimbs for contacting the wall or lat- 
eral stepping movements along the walL 



(6) A landing score was determined 
by noting (1) independent use of the left 
or right forelimb to land after a rearing 
movement and (2) simultaneovis use of 
both the left and right forelimb for land- 
ing after a rearing movement. If the 
rater could not clearly determine 
whether a limb was being used inde- 
pendently or simultaneously, that move- 
ment was not scored. Additional criteria 
for exclusion included movements 
along the groimd after landing (step- 
ping) and instances in which an aninial 
performed < 5 landings and < 10 wall 
movements during a testing session. 
Additional details for scoring can be 
found in Schallert et al. (17). 

Data analysis of limb asymmetry. 
Wall exploration and landing scores 
were determined separately, and each 
was expressed in terms of (1) the per- 
centage of use of the nonimpaired fore- 
limb relative to the total niimber of limb- 
use movements/ (2) the percentage of 
use of the impaired forelimb relative to 
the total nimiber of limb-use move- 
ments/ and (3) the percentage of bilateral 
use of both limbs relative to the total 
number of limb-use movements. The 
percentage of use of the impaired fore- 
limb was then subtracted from the per- 
centage of use of the nonimpaired fore- 
limb for exploration and landing. These 
2 scores (wall and landing) were aver- 
aged together for a single limb-use 
asymmetry score that corrected for 



variability in the number of wall versus 
landing movements. 

Vibiissae-elidted forelimb placement 
Following the protocol of Woodlee et al. 
(18), animals were held by their torso 
fadng the edge of a table, allowing fore- 
limbs to hang free. Independent testiiig 
of eadi forelimb was induced by gently 
brushing the respective vibiissae on the 
edge of a tabletop for a total of 10 trials. 
In this test normal aiumals place the 
forelimb of both sides quickly onto the 
countertop. Rats with unilateral damage 
show varying degrees of impaired limb- 
pladng ability, while still placing ^tie 
imimpaired limb reliably. The percentage 
of successful placing responses was de- 
termined by counting the number of bi- 
lateral limb placements divided by the 
number of trials. 

Forelimb akinesia. Movement initia- 
tion for each limb was assessed using a 
forelimb akinesia test. The hindquarters 
of the animal were suspended while tiie 
aiumal supported its weight on a fore- 
limb. The animal was allowed to initiate 
stepping movements in a 10-s period for 
one forelimb and then the other in a bal- 
anced order. Normal anixiials did not ini- 
tiate any limb stepping during ttie 10-s 
test interval 

Evaluation of brain necro$l$ 

The neuropathological consequeru:es 
of Y knife irradiation were evaluated at 
30 and 90 days after delivery of radia- 
tion. The animals were killed by exsan- 
guination under barbiturate anesthesia, 
and the brains were perfused and ^ed 
with 4% formaldehyde in 0.1 M phos- 
phate buffet pH 7.4. The brains were 
then embedded in paraffin, and serial 
sections were obtained every 5 jun 
through the target area and stained with 
hematoxylin and eosin (H&E). The 
stained sections were examined micro- 
scopically for pathological changes, and 
the extent of injury was traced u^ing a 
camera lucida in every 40th section 
(every 200 \»m) from ttie l)eginxung of the 
region of injury by an observer blinded 
to the experimental group. The images 
were then digitized, tiie area of necrosis 
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was determined by digital planometiy, 
and the lesion volume was matiiemati- 
cally derived. 

Statistical mettiods 

Behavioral data were evaluated by re- 
peated-measures ANOVA. Lesion vol- 
ume between the groups was assessed 
using unpaired Student's t test 

RESULTS 

Botii experimental groups success- 
fully underwent delivery of a necrotiz- 
ing dose of Y irradiation without inci- 
dent. The day after radiation, animals 
from both groups exhibited abnormal 
neurological function, as assessed by the 
vibrissae and fotelimb akinesia tests. 
These tests, performed serially, also 
showed large and significant differences 
between the treatment groups, with a 
smaller decline and more rapid recovery 
exhibited by the CEPO group. In con- 
trast, the limb asymmetry test exhibited 
a significant deterioration much later 
(> 10 days). 

The vtt)rissae test (Figure 3) exhibited 
an initial decline ixom normal for both 
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Figure 3. Vibrlssae-stimulated Gmb placing 
test results Indicate that bott^ CEPO- and 
sallne-treated animals exhibited an acute 
decline In correct responses (t>oth fore- 
llmbs extending to table edge after Ipsllat- 
eral or contralateral vibrlssae stimulation) 
immediately after irrodlotbn. Saiine- 
administered animals recovered only par- 
tially, reaching a plateau and tt^n declin- 
ing. In contrast, this reflex normalized In 
CHilmals that received CEPO. P < 0.05 be- 
tween groups; 6 animals per group. 



experimental groups, but more so for 
those receiving saline (60% of ihs time 
the affected limb was not reflexivdy ex- 
tmded to tiie table edge). By die second 
day, some recovery occurred, reaching a 
plateau on days 4 to 6 and then falling 
again after day 7 (Figure 3). Performance 
on day 25, the last day examined, was at 
a mean value of only » 50% correct In 
contrast, die CEPO group exhibited a 
transient decrease for 4 days after radia- 
tion, with full recovery for the remainii^ 
time period (Figure 3). 

A similar pattern was observed in the 
forelimb akinesia test. In this test, recov- 
ery was characterized by an acute de- 
cline after ii^ury in the saline group, fol- 
lowed by partial nonsustained recovery 
to day 7, and dien a progressive decline 
through the last data point at day 25 
(Figure 4). In contrast, CEPO-treated ani- 
mals exhibited a smaUer acute dedine, 
followed by complete recovery beyond 
day 5 (Figure 4). 

The limb use asymmetry test exhibited 
a loiter latency in onset of abnormal re- 
sponses (Figure 5), Notably, both groups 
exhibited a bias for the ui^affected limb 
by day 25, the last time point evaluated. 
The saline group, however, favored the 
unaffected forelimb with sigruficantly 
higher frequency at most time points 
evaluated. 

Thirty days after irradiation, histologi- 
cal examiiution of H&E-stained sections 
did not show any discernible differences 
between the irradiated and nonirradiated 
basal ganglia (data not shown), even 
though profound functional deceits were 
documented. In contrast, 90 days after ii^ 
radiation, H&E-stained serial brain sec- 
tions revealed striking differences be- 
tween treatment groups. As illustrated in 
Figure 6A, both treatment groups exhib- 
ited necrosis within the 90- to 100-Gy tar- 
get region (inner circle). The group re- 
ceiving CEPO exhibited extensive tissue 
salvage within the 50- to 90-Gy region 
(region between iimer and outer circle), 
distiiKtly different from the saline group. 
Upon quantification, the volume of 
necrotic tissue within the group receiv- 
ing CEPO was about half that observed 
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Hgure 4. Forelimb akinesia is increased In 
tt>e saline group, characterized by an 
acute decline, ttnen partial, nonsustained 
recovery. The CEPO group differed slgnlfl- 
cantty from the sdine group (P< O.GS>. 



in the saline-treated rats (Figure 6B). The 
periphery surroimding ttie irradiated re- 
gion in both treatment groups showed 
proliferation of reactive glial cells and 
areas of loose tissue with vacuolation. 
Hie central parts of the irradiated region 
showed varying numbers of necrotic foci 
witti secondary calcification. The necrotic 
core of saline-treated animals tjrpically 
contair\ed large nuisses of calcified gran- 
ules, in striking contrast to the CEPO 
group (Figure 6C). 




10 IS 



Figure 5. Forelimb use asymmetry test 
demonstrates a significant difference 
between saline- and CEPO-treated ani- 
mals. Sallne-treated animals favored the 
unaffected limb by day 7 after injury. In 
contrast, CEPO-treated animals deterio- 
rated more slowly, preferentially using 
the unaffected limb only on the final ok>- 
sen/atlon day (26). Points above dashed 
line Indicate favoring the right (unaf- 
fected) limb. CEPO significantly differs 
from saline (P < 0.05). 
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Figure 6. CEPOtreated animals have significantly less necrosis NA/itWn the targeted brain 
volume. (A) Lesion size at the center of the necrosis volume in representative animals 
from the saline arKl CEPO groups 90 days after the delivery of radiation. Inner dashed cir- 
cle Indicates the delivery of 90 to 100 Gy. Difference between outer and Inner circles In- 
dicates a region receiving between 60 and 90 Gy. Note that CEPO treatment was associ- 
ated with a marked reduction In injury within the lower dose range. Distances between 
slices is 200 jim; sccrie bar, 1 mm. (B) Mean volume of necrosis in the CEPO-treated group 
was half of that obsen^ed for the saline treatment group. (C) Representative photomicro- 
graphs comparing lesions of the 2 treatment groups. Animals that received saline gener- 
ally possessed dense calcification (arrow) In contrast to the less affected CEPO group. 
Original magnification x40. 



DlSCUSStON 

The observation of more nearly-ru)r- 
mal motor function associated with less 
necrosis at 90 days in the CEPO-treated 
group supports a potential therapeutic 
role for rionerythropoietic tissue-protec- 
tive cytokines in limiting radiation-in- 
duced neurological ii^'ury. Although the 
rat brain is well known to be relatively 
radioresistant compared with that of hu- 
mans, previous studies have shown that 
it is a good model for assessing the ef- 
fects of radiation injury (16,19). However, 
prior work has focused primarily upon a 
histological assessment of damage to es- 
timate die severity of ii^ury. Specifically, 
within hours of a therapeutic dose of 7 
radiation (6-20 Gy) in a rat model, glia 



within the taiget area became activated 
and began to proliferate (20). By 14 days, 
tissue edema was clearly present (16), 
whereas necrosis of neurons and other 
cells occurred much later, 30 days or 
more after ii^ury (20). These effects are 
directly proportiorud to the dose em- 
ployed for a given beam diameter 
(16,19;Z0). 

In the present study, high-dose radia- 
tion (100 Gy) to the striatum produced 
acute neurological defects as deter- 
mined by vibrissae and proprioceptive 
testing of the forelimbs, with a delayed 
effect on the pattern of use of the fore- 
limbs. Three months after radiation, 
substantial necrosis was observed in 
both groups within the 100- to 90-Gy 



target region (Figure 6B). The deteriora- 
tion noted for bilateral limb usage in 
both groups is presumably secondary to 
the frank pathological lesion present by 
90 days. Of note, a limited histological 
examination of irradiated brains after 1 
month did not show any evidence of in- 
jury. Thus the acute behavioral effects 
following radiation exposure appear to 
be a sensitive method by which to eval- 
uate the degree of injury in the acute 
and subacute periods, not requiring the 
months needed for frardc necrosis to 
occur. 

The central nervous system exhibits a 
large capacity for repair following mild 
radiation ii^ry [reviewed in An- 
dratschke et aL (21)]. The mechanisms re- 
sponsible have not been extensively de- 
lineated, but appear to be similar to the 
underl3ring responses to other fonx\s of 
brain ii^'ury (1) for which locally pro- 
duced (endogenous) EPO has been im- 
plicated as a key cytoprotective agent. 

Stem cell mobilization is thought to 
be of major importance in the healing 
phase of radiatior^induced ir^ury, and 
EPO has been shown to recruit stem 
cells within the brain (22), particularly 
after ischemic injury (23). However, 
Fukuda et al. (24) have reported that ra- 
diation preferentially damages progeni- 
tor cells within the immature rat brain 
cmd, further, that this injury could not 
be attenuated by exogenous rhEFO. 
This observation is surprising, as neural 
progenitor cells have been shown to 
specifically express receptors for EPO 
and, further, EPO critically modulates 
apoptosis within this population during 
brain development (25). Additionally/ 
progenitor celb have been found to gen- 
erate reactive oxygen species (ROS) and 
undergo apoptosis after irradiation, cel- 
lular responses that can be greatiy in- 
hibited by rhEPO in other model sys- 
tems (8). Notably, Fukuda et al. (24) 
employed very high doses of rhEPO 
(-10,000 U/kg"' intraperitoneally), 
which could be problematic, as numer- 
ous investigators have shown that EPO 
protection generally follows an inverted 
U-shaped curve in vivo and in vitro, in 
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part potentially owing to ROS generated 
by high-dose rhEPO (26). On the otiier 
hand, caspase inhibition was ineffective 
in the study by Fukuda et al. (24), sug- 
gesting that in this model, injury may 
be closer to a purely necrotic process 
that is not sensitive to EPO. FinaDy, it 
should be noted that the immature brain 
is espedaUy sensitive to radiation, 
which in addition to direct effects on 
progenitor cells, also alters the micro- 
environment (27) in ways that potenti- 
ate tissue injury. These effects may not 
occur to the same extent in adult brain. 

The clinical presentation of radiation 
injury can be divided into immediate, 
subacute, or delayed phenotypes (6). 
Acute injury is likely mediated by radia- 
tionrinduced vascular leakiness and the 
development of vasogenic edema. Poten- 
tial effects secondary to neuronal dys- 
function are certainly possible but have 
not been specifically demonstrated. One 
of EPO's prominent tissue-protective ef- 
fects is on the permeability of the vascu- 
lar endothelium of the blood-brain bar- 
rier. In this role, EPO increases the 
tightness of the barrier and reduces leak- 
iness in both in vitro (28) and in vivo 
(29,30) models. Late effects of radiation 
injury are associated witii necrosis, 
mainly arising from vascular dropout. In 
a time- and radiation dose-dependent 
fashion, the endothelium swells, the 
basement membrane liuckens, the mi- 
crovessels undergo hypertrophy, and ul- 
timately the tissue cellular density di- 
minishes (31). White matter necrosis is 
especially prominent and depends on 
oligodendrocyte apoptosis and ischemia- 
reperfusion ix^ury secondary to perivas- 
cular edema (6). The smaller necrosis 
volume observed in the CEPO group 
could be explained by a primary effect 
on protecting the microvascular circula- 
tion. If so, the efficacy of CEPO adminis- 
tered for 10 d following injury implies 
that the evolving pathological processes 
can be terminated by a brief exposure to 
tissue-protective cytokines. It is un- 
known whether othei; delayed effects 
might also respond fevorably to longer 
exposure to CEPO. 



The tissue-protective properties of 
CEPO we have observed in the brain in 
this report likely also apply for other ra- 
diosensitive tissues witfi niicrovascular 
injury as a pathological mecharusm. To 
OUT knowledge, tiie only other study 
evaluating the effects of ihEPO on radia- 
tion ii^iury outside of the CNS focused 
on the adult kidney (21). Curiously, in 
that study, EPO at 2 doses (500 or 2000 U 
kg~^) given subcutaneously in 3 doses be- 
fore and just after irradiation was associ- 
ated with diminished renal function be- 
tween 5 and 9 months after expostue. 
This imexpected finding might be ex- 
plained by the EPO-mediated acute re- 
duction in renal blood flow that occurs 
after high doses of EPO (9). The reduced 
perfusion is similar to that occurring 
after activation of an organ-specific 
renin-angiotensin S3rstem that has also 
been hypothesized to play a role in radi- 
ation-induced tissue injury [reviewed in 
Robbins and Diz (32)]. We have recentiy 
shown (9) that CEPO, in contrast, in- 
creases renal blood fiow (both cortical 
and total). It will be important, therefore, 
to determine whether lower doses of 
EPO or use of CEPO will be nephropro- 
tective in the setting of irradiation. 

Other interventions with the potential 
for preservation of normal tissue sur- 
roimding the radiated site are currentty 
tmder investigation and could act syner- 
gistically with a tissue-protective cy- 
tokine. For example, inhibition of the 
renin-angiotensin system, growth factors 
(for example, TGFp), COX-2 inhibitors, 
and antioxidants, among others (33), 
have shown some promise, and it will be 
interesting to evaluate these for possible 
synergistic effects with tissue-protective 
cytokines. 

The striking improvements in both 
behavioral and pathological outcomes 
following short-term CEPO treatment 
indicate the need for further study. Be- 
cause both radiotherapy and rhEPO 
treatment can elicit thrombotic events, 
we believe that tiie results observed in 
this predirucal model foreshadow the 
promise for nonerythropoietic tissue 
protection in patients. 
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Erythropoietin (EPO) is a tissue-protective cytokine preventing 
vascular spasm, apoptosis. and inflammatory responses. Although 
best known for its role in hematopoietic lineages, EPO also affects 
other tissues, including those of the nervous system. Enthusiasm 
for recombinant human erythropoietin (rhEPO) as a potential 
neuroprotective therapeutic must be tempered, however, by the 
knowledge It also enlarges circulating red cell mass and increases 
platelet aggregability. Here we examined whether erythropoietic 
and tissue-protective activities of rhEPO might be dissociated by a 
variation of the molecule. We demonstrate that asialoerythropoi- 
etin (aslaloEPO), generated by total enzymatic desialylation of 
rhEPO, possesses a very short plasma half-life and is fully neuro- 
protective. In marked contrast with rhEPO, this molecule at doses 
and frequencies at which rhEPO exhibited erythropoiesis, did not 
Increase the hematocrit of mice or rats. AsialoEPO appeared 
promptly within the cerebrospinal fluid after i.v. administration; 
intravenously administered radioiodine-labeled aslaloEPO bound 
to neurons within the hippocampus and cortex in a pattern 
corresponding to the distribution of the EPO receptor. IVIost im- 
portantly, asialoEPO exhibits a broad spectrum of neuroprotective 
activities, as demonstrated in models of cerebral ischemia, spinal 
cord compression, and sciatic nerve crush. These data suggest that 
nonerythropoietic variants of rhEPO can cross the blood-brain 
barrier and provide neuroprotection. 

The widespread and highly efficacious use of recombinant 
human erythropoietin (rhEPO) for the treatment of EPO- 
deficient anemias reflects a triumph of biotechnology. As a 
typical member of the cytokine superfamily, EPO also performs 
other functions. Recently, EPO has been identified as an im- 
portant endogenous mediator of the adaptive responses of 
tissues to metabolic stress, primarily by limiting the extent of 
injury. For example, EPO synthesized by hypoxic astrocytes may 
mediate the protective phenomenon of preconditioning in the 
nervous system in which exposure to a brief, nontoxic episode of 
ischemia dramatically increases the resistance of neurons to 
subsequent insults (1-3). 

Given the laige size of rhEPO, it was initially surprising to 
discover that rl£PO administered peripherally readily pene- 
trates the blood-brain barrier and effectively reduces brain 
injury after insults (4). Additional evidence has also shown 
widespread efficacy of rhEPO in injury models of the spinal cord 
(5, 6), retina (7), and the heart (8). Mechanistically, EPO acts in 
a coordinated fashion at multiple levels, including limiting the 
production of tissue-injuring molecules [e.g., reactive oxygen 
species and glutamate (9-11)], reversal of vasospasm (12, 13), 
attenuation of apoptosis (5, 10, 14, 15), modulation of inflam- 
mation (4, 16), and recruitment of stem cells (17). A recent 
clinical trial supports the relevance of these animal models for 
human disease by demonstrating significant improvement in 

www.pnas.org/C9l/dol/10.1073/pnas.1031753100 



outcome of stroke patients who were administered rhEPO 
intravenously within 8 h of the onset of symptoms (18). 

Animal models have demonstrated that single doses of rhEPO 
are remarkably effective for the treatment of acute injury (4-6, 
19). Many clinical situations, however, will likely require multi- 
ple doses of rhEPO, which will lead to potentially harmful 
increases in the red cell mass. For example, animal models 
clearly show that EPO-dependent increases in hematocrit can 
cause and amplify brain injury (20). Pharmacological doses of 
rhEPO also stimulate the production of hyperreactive platelets 
(21) that can predispose to thrombosis (22), especially in the 
setting of injury. This potential complication of liiEPO therapy 
is relevant for humans as well (23, 24), because thrombotic events 
have been observed in the setting of "blood doping" by athletes 
(25). These considerations temper enthusiasm for rhEPO as a 
tissue-protective agent. Clearly, molecules retaining the benefi- 
cial tissue-protective actions of EPO, but not stimulating the 
bone marrow, are desirable. 

One distinguishing feature between erythropoiesis and neu- 
roprotection is that effective production of red cells requires the 
continuous presence of EPO, whereas a brief exposure is suffi- 
cient for neuroprotection in vitro (26). We reasoned that if 
neuroprotection is activated after a brief exposure to EPO, then 
a short-lwed EPO could be translocated into tissue beds to 
initiate neuroprotection through EPO receptor (EPO-R) acti- 
vation, but yet not survwe long enough within the circulation to 
stimulate erythropoiesis. To produce a short-lhred EPO, we 
completely removed the sialic acids that delay clearance in vivo 
(27, 28). In this article, we show that systemically administered 
asialoerythropoietin (asialoEPO) does not increase erythrocyte 
mass, yet is fUUy protective in animal models of stroke, spinal 
cord injury, and peripheral neuropathy. 

Materials and Methods 

Preparation and Characterization of AsialoEPO. The sialic acid of 
rhEPO (Dragon Pharmaceuticals, Vancouver) was removed by 
digestion with neuraminidase isolated from Streptococcus sp. 
6646K (Seikagaku America, Rockville, MD, no. 120050). The 
reaction was performed at 3T*C, pH 6.8, for 3 h using 0.05 units 
of enzyme per mg of rhEPO. The product (asialoEPO) was 
purified by anion-exchange chromatography and the homoge- 
neity was confirmed by isoelectric focusing gel analysis. The final 
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Table 1. Oxnparison of the affinity, potency, and predominating plasma half-life of asialoEPO and rhEPO 

Percent protection Plasma half-life, h» 



IC50 for sFc-EPO-R* EC50 for proliferation 





binding, pM 


of UT-7. pM 


P-19 


PCI 2 


i.v. 


i.p. 


S.C. 


rhEPO 


10 


20 ±10 


51 


31 ±7 


5.6 


7.0 


5.4 


asialoEPO 


14 


20± 10 


43 


34±4 


0.023 


0.5 


2.5 



^Soluble Fc-EPO-R fusion construct. 

^Plasma half-lives are terminal phase except for i.v. asialoEPO. which is Initial phase. 



sialic acid content was determined according to the European 
Pharmacopoeia (51) method and acid hydrolysis followed by 
high-performance anion-exchange chromatography with pulsed 
amperometric detection (Dionex). 

For practical reasons, rhEPO and asialoEPO were considered 
to be of equivalent mass for dosing, as the sialic acid content 
accounted for s8% of the total weight of this «34,000-Da 
protein. Concentrations are expressed as molarity instead of 
units, as asialoEPO exhibits no erythropoietic activity in vivo. 
One international unit of erythropoietic activity is equal to «»8 
ng of rhEPO protein. 

For binding assays, asialoEPO and rhEPO were radiolabeled 
according to a standard protocol by using chloramine T as 
described (29). The radioligand acthrity corresponded to <«50 
MO//ig (1 a = 37 GBq) with 50% bindability. Soluble Fc-EpoR 
fusion constructs (5 pM; R&D Systems), 4 pM radioligand, and 
graded concentrations (0-10,000 pM) of unlabeled EPO or 
asialoEPO were incubated for 30 min at 22X in 100 /xl of PBS 
before the addition of 100 of PBS with a 0.25-mg scintillation 
proximity assay (SPA) polyvinyl toluene protein A reagent 
(Amersham Pharmacia Biosciences, Amersham, UJC). This 
reaction was incubated for an additional 2 h before luminescence 
recording by a scintillation counter. 

Erythroleukemic UT-7 cells (30) were obtained from Deut- 
sche Sammlung von Mikroorganismen und Zellkulturen (Braun- 
schweig, Germany, no. ACC137). The assay of EPO derivatives 
was performed as described (31) over a 4^h period, and using 
WST-1 reduction (Roche Diagnostics, no. 1 644 807) to quan- 
titate living cells. Signal-to-noise ratio of the assay was 8:15, and 
the half-maximal effective concentration of EPO variants was 
determined by a four-parameter-Ht from concentration- 
response curves by using at least six drug concentrations. The 
P-19 survival assay was performed exactly as described (15). 
PC-12 cells were differentiated in the presence of nerve growth 
factor (NGF) and cell death was triggered by NGF withdrawal. 
EPO variants were used in this assay as described (32) and were 
present 24 h before and during the withdrawal period. For 
viability assessment the reduction of thiozole salts was used 

Animal Protocols. All procedures involving animals were ap- 
proved by the animal research committees at each respective 
Institution and conducted in compliance with international laws 

and policies (33-36). 

Pharmacokinetic Determination of Plasma and Cerebrospinal Fluid 
(CSP) Concentrations. CSF samples were obtained from male 
Sprague-Dawley rats by a needle placed into the cistema magna 
using the methodology of Frankmann (37). Plasma half-life was 
determined from blood samples drawn serially from a catheter 
implanted in the carotid artery in awake Sprague-Dawley rats. 
After i.v,, i.p., or s.c. administration of 44 ptg/kg of body weight 
(bw) of asiaioEPO/rhEPO, timed blood samples were collected 
with an Accusampler (Dilab, Lund, Sweden) over a 20-h period. 
AsialoEPO concentrations were determined by enzyme-linked 
immunoabsorbance assay kits (R&D Systems and Immuno- 
Biological Laboratories, Hamburg, Germany). Extensive evalu- 
ation confirmed that the antibodies used in these kits identified 



asialoEPO and rhEPO with equal sensitivity. The lower limit of 
quantification was 1.0 pM. 

(n Vivo Autoradiography. NMRI mice were injected i.v. with 100 
ptg/kg radioiodinated asialoEPO, and after 4 h the animals were 
perfused with PBS/heparin. The brains were removed, frozen on 
dry ice, and cryosectioned (20 /im). For cellular localization of 
radiolabel, slides were dipped in photographic emulsion and 
were exposed for 5 weeks before development. 

Hemoglobin Responses to Repeated Doses of AsialoEPO in Vivo. The 
response of the bone marrow to asialoEPO versus rhEPO was 
assessed by repeated parenteral administration of equal doses of 
asialoEPO or rhEPO to BALB/c or C3H/hen female mice. 
Serum hemoglobin concentrations were determined by a hemo- 
globinometer using blood (<50 /il) withdrawn from the oibital 
sinus once weekly under isof lurane anesthesia. Anunals were not 
iron supplemented. 

Focal Ischemia Model. Ischemic stroke within the distribution of 
the middle cerebral artery (MCA) was produced as described 
(4). Briefly, under isof lurane anesthesia the ipsilateral carotid 
was ligated and the MCA was permanently occluded just distal 
to the bifurcation of the MCA into the rhinal artery. To produce 
a reversible ischemic event, the contralateral carotid was non- 
traumatically occluded for 90 min and then released. AsialoEPO 
was given intravenously with respect to the time of reperfusion 
at the dosages indicated in the text. The core temperature was 
maintained at 35-37^0 until fuU recovery from anesthesia. 
Infarct volume was determined 24 h later by quantitative image 
analysis of tetrazoliimi salt-stained 1-mm slices of brain as 
described (4). 

Spinal Cord Compression. Spina! cord compression was performed 
under controlled core temperature (35-37*0) using an aneurysm 
clip (53-g closing force) applied for 1 min at thoracic level 3, 
avoiding compression of the paravertebral arteries as described 
(6). Animals subsequently received either three daily doses of 
asialoEPO, rhEPO (both at 10 Mg/kg of bw i.v.) or saline, and 
biweekly doses thereafter. Motor function of lesioned animals 
was evaluated in a blinded fashion by using the methodology of 
Basso and colleagues (38, 39). Three days after injury, five 
animals from each group were killed and the ^inal cords were 
removed and fixed in formalin for histological analysis. Paraftin 
embedded tissue was sectioned (6 /im) to determine the extent 
of injury at the following five distinct levels: the lesion epicenter, 
1 cm above and 1 cm below the epicenter, and the cervical and 
lumbar enlargements. Specimens were stained by using anti- 
NeuN (Chemicon. Temecula, CA), an indicator of living neurons 
(40). Surviving neurons within gray matter (i.e., histological 
characteristics of normal structures and presenting clear immu- 
noreactivity for NeuN) were counted in each section. The results 
of neuronal counting in five randomly selected sections were 
averaged. 

Sdatk Nerve Compression. Sprague-Dawley rats (250-350 g) were 
anesthetized by using isof lurane and their core temperature was 
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Fig. 1. (A) Biweekly i.v. injections of asiatoEPO over a wide dosage range do 
notchange hemoglobin concentration in mice (n "8f6r each group; 50 ftg/kg 
of bw and 200 ^/kg of bw omitted for darity). {Bi Biweekly i.p. administra- 
tion of asialoEPO at a neuroprotecthw dose (100 M9/kg of bw) does not 
change the hemogtobin concentration. In contrast an equal dose of rhEPO 
raises the hemoglobin concentration. 



maintained at 35-37*0. Electrophysiological function of the 
sciatic nerve was assessed by recording compound muscle action 
potentials (CMAPs) at supramaximal stimulation (3 Hz, dura- 
tion of 0.1 msec) delivered by means of stainless steel electrodes 
at midthigh. Two gold-plated balls (2-mm diameter) 1 cm apart 
were used for recording with the anode at the belly of the 
gastrocnemius muscle and the cathode at midtendon 6 mm from 
the calcaneus. CMAPs were acquired over 64 stimulations and 
were then averaged for five independent placements of the 
recording electrode. 

After recording of baseline CMAP, the left sciatic nerve was 
exposed at midthigh and an aneurysm clip (53-g compression) 
was placed around the sciatic nerve for 2 min. Either 2^ h or 15 
min before (pretreatment) or immediately after the release of 
compression (posttreatment), a single dose of asialoEPO, 
rhEPO (both at 50 tig/kg of bw), or saline was administered 
intravenously and the surgical incision was closed. After drug 
administration, the CMAP was redetermined and, thereafter, 
was obtained successively over the next several weeks. 

Neurological function was performed in a blinded fashion by 
averaging three determinations of rear foot toe splaying (the 
sciatic static index) according to the methodology of Bervar (41). 
In this assay, 0 is normal and negative scores indicate motor 
weakness. 

Data Analysis. Statistical analysis was performed using ANOVA 
or by Student's t test where appropriate. Comparison of motor 
function over time was accomplished by a repeated measures 
analysis. Counts of surviving neurons in the spinal cord sections 
were compared by the Kruskal-Wallis one-way ANOVA by 
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Fig. 2. AsialoEPO administered i.v. versus saline reduces infarct size in a rat 
reperf usion model of focal stroke (n « 6 for each group; P < 0.01). 



ranks. In vitro experiments were repeated in at least three 
independent preparations with essentially similar results. 

ResiiHs 

hi Vhm Characterization of AsialoEPO. The asialoEPO obtained by 
enzymatic conversion of rhEPO with sialidase contained <0.02 
sialic acids per molecule and migrated as one homogeneous band 
at pi '^S3, In contrast, the isoforms of rhEPO migrated at pi 
33-4.5 (sialic acid content typically 10-14 per molecule; data 
not shown). Bioactivity of the final reaction product was verified 
by proliferation assays in TF-1 (data not shown) and UT-7 cells 
(Table 1) where the compound was found to be equipotent with 
rhEpo. The binding affinity to pure EpoR-Fc constructs was also 
in a similar range as that of rhEpo (Table 1). Bioactivity in 
neuronal-like cells was assessed by using P19 and PC-12 cells, in 
which asialoEPO protected from serum (P19) or NGF (PC-12) 
withdrawal to a similar extent (Table 1). 

Pharmacokinetia. Intravenously injected asialoEPO exhibited a 
predominant plasma half-life of 1.4 min (Table 1) and was below 
the lower limit of quantification in the systemic circulation within 
1-2 h, in contrast to rhEpo with a plasma half-life of «5.6 h. 
Administration of asialoEPO by i.p. or s.c. routes gave rise to 
effective plasma half-lives of 0.5 and 2.5 h, respectively. Asialo- 
EPO appeared promptly in CSF after i.v. or i.p. injection and 
concentrations sufficient to bind appreciably to the EpoR 
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Fig. 3. AsialoEPO is as effective as rhEPO in restoring motor function after 
spinal cord compression. Agents were administered i.v. (10 M9Ag of bu^ once 
daily for 3 days after compression and biweeldy thereafter. 
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Fig. 4. (A) Spinal cord histology 3 days after a 2-min compressive injury. NeuN immunohistochemrstry identifies living neurons after asiatoEPO (10 ;ig/icg i.v.) 
or saline administration immediately after injury. Sections v/ere obtained at the lesion epicenter, 1 cm above, and 1 cm below. Note the extensive disruption 
of the central gray in the saline-treated cord (Lower Center). White matter (•) is also disrupted and edematous compared with animals receving asialoEPO. Shown 
are representative sections obtained from five animals In each group. (B) Summary of the mean living neurons number in the five levels investigated after 
aslaloEPO, or saline treatment. Animals treated with asialoEPO presented with a significantly high number of living neurons compared with the saline group 
(/><0.05 at all levels). 



(0.5-30 pM range) were reached. The maximum CSF concen- 
trations followed the plasma peak with a delay of 30-60 min, 
depending on the plasma kinetics profile of different routes of 
administration (data not shown). Brain tissue penetration of 
asialoEPO was followed by using radiolabeled compound. His- 
tological localization of the radiolabel after injection of 
asialoEPO showed a specific neuronal pattern, e.g., in the 
hippocampus (see Fig. 6, which is published as supporting 
information on the PNAS web site, www.pnas.org), similar to the 
one observed with ^^I-rhEpo (data not shown) or by immuno- 
histochemical localization of the EpoR (14, 42, 43). 

Effect of AsialoEPO on the Serum Hemoglobin Concentration. A wide 
range of asialoEPO dosage regimens was explored, none of 
which affeaed hemoglobin concentrations. For example, i.v. 



injection of asialoEPO from 10 to 500 /Ag/kg of bw every 3 days 
was equivalent to saline (Fig. L4). In contrast, rhEPO exhibited 
a pronounced dose-dependent effect (data not shown). Because 
asialoEPO persists longer in the plasma when given i.p., this 
regimen was also tested for changes in hematocrit. Administra- 
tion of asialoEPO (50 fig/kg of bw i.p.) twice weekly did not 
effect hemoglobin concentration (Fig. IB). In contrast, equiva- 
lent doses of rhEPO raised the hemoglobin concentration as 
expected. 

Focal Ischemia. In pilot experiments, asialoEPO administered as 
a single dose i.p. was equipotent with rhEPO in reducing damage 
in a MCAO model of cerebral ischemia in the range of 5-50 
/jtg/kg of bw (data not shown). In further experiments, asialo- 
EPO was then tested after i.v. administration, i.e., the protocol 
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Fig. 5. (4) Motor function after compressive injury of the sciatic nerve in the 
rat. AsialoEPO (50 ^9/1^9 of bw i.v.) is more efficaoous when administered 1 5 
min before compression {P < 0.01; repeated measures analysis). (8) Average 
maximum CMAPs illustrate that 24-h or IS-min pretreatment with aslaloEPO 
(SO /i^/kg of bw I.v.) attenuates injuiy to an equivalent extent 

resulting in the shortest possible plasma halMife. AsialoEPO 
given as an i.v. bolus (44 /xg/kg of bw) at the restoration of blood 
flow (i.e., 90 min after occlusion) reduced infarct volume by 
*»50% (P < 0.01) at 24 h (Fig, 2), similar to rhEPO (data not 
shown). Thus, the presence of EPO-like activity in plasma for 
only a few minutes can elicit neuroprotection. 

Spinal Cord Compression. Both asialoEPO and rhEPO adminis- 
tered (10 MgAg of bw i.v.) for the first 3 days after spinal cord 
compression, and biweekly thereafter, were associated with an 
immediate and equivalent improvement of motor function in 
contrast to saline (Fig. 3; P < 0.001). The histological finding 
after 3 days differed strikingly between the groups. Notably, 
asialoEPO administration was associated with a restriction of 
injury to the epicenter alone, with nearly normal architecture 
both above and below (Fig. 44). In contrast, the saline-treated 
group exhibited extensive cytoarchitectural disruption and 
edema (Fig. 4^4) throughout the cord. The histological appear- 
ance of the white matter remained normal in asialoEPO-treated 
animals, consistent with their superior motor scores. Finally, the 
number of surviving (NeuN-positive) neurons was significantly 
higher in the asialoEPO-treated rats (P < 0.05) compared with 
the saline group (Fig. 4B). 

Sciatic Nerve Crush Model. Saline administration after sciatic nerve 
compression was associated with decreased motor function as 
assessed by the sciatic static index and CMAP amplitude, 
reaching a nadir 2-4 days after injury (Fig. 5) and normalizing 
by 3-4 weeks. AsialoEPO administered 15 min before or im- 
mediately after the release of compression reduced the degree 
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of injury compared with saline control. (P < 0.01; Fig. 5A). 
Additional study was undertaken to define better the onset of 
neuroprotection. In one experiment, a single dose (50 /tg/kg of 
bw) of asialoEPO or saline was administered 24 h or 15 min 
before nerve compression. The immediate postcompression 
CMAPs (day 0, Fig. SB) recorded exhibited less functional loss 
(P < 0.05) for asialoEPO pretreatment (Fig. SB). Similar 
observations were obtained with motor score testing, with the 
asialoEPO animals exhibiting significant improvement at the 
earliest time points evaluated (data not shown). 

Discussion 

Fully desialated rhEPO was prepared, and as reported (27, 28), 
disappeared very rapidly from the systemic circulation after i.v. 
injection. As anticq)ated, the affini^ for EPO-R was similar to 
that of rhEPO when examined by using a variety of in vitro 
systems. Despite its short plasma half-life, asialoEPO appeared 
promptly widiin the CSF at concentrations within the in vitro 
neuroprotective range. In vivo autoradiography, performed by 
using sections obtained 4 h after administration of radioiodi- 
nated asialoEPO, confirmed that i.v.-administered drug actually 
reaches hippocampal and cortical neurons, typical cells express- 
ing EPO-R in the normal brain. The anatomical pathway from 
the circulation across the blood-brain barrier to the labeled 
neurons visualized has not been established, but could involve 
the specialized glial cells that ensheath the capillaries (4). 

Because of a short plasma survival of asialoEPO only a small 
proportion of the erythrocyte precursors are committed to enter 
the erythrocyte pool. Administration of asialoEPO, therefore, 
never increased hemoglobin concentration. Although it is inev- 
itable that some erythrocyte precursors are recruited into the 
circulating pool, modulation of endogenous EPO concentrations 
(i.e., transient suppression) will tend to maintain red cell mass 
at the systemic set point. Although not directly assessed, sim- 
ilar kinetics for thrombocyte maturation (44-46) imply that 
asialoEPO would not appreciably increase the fraction of 
reactive platelets within the circulation. 

Based on the observed transfer of asialoEPO into the brain, 
it is no surprise that asialoEPO is effective in the treatment of 
a variety of neurological injuries. The very brief duration of its 
action supports the concept of a triggering of neuroprotection, 
as has been suggested by in vitro models (26). The similar efficacy 
of asialoEPO and rhEPO observed in the stroke model confirm 
that only a very brief exposure is required to initiate a gene 
expression program (e.g., antiapoptosis) in vivo as well. 

Longer followup periods of the stroke model will be necessary 
to determine whether late differences (i.e., other than effects on 
eariy apoptosis) exist and can be effected by additional exposure 
to asialoEPO. However, three consecutive daily doses of asia- 
loEPO are as efficacious as rhEPO in the spinal cord compres- 
sion model, because spinal cord injury occurs in distinct tem- 
poral phases that span several weeks (47, 48). The first is acute 
in onset (hours) and represents the immediate reaction to direct 
tissue injury, including cellular necrosis, hemorrhage, ischemia, 
and free radical formation. Histological evaluation shows that 
asialoEPO markedly attenuates dits phase. Secondary injury 
occurs later (8-14 days) during which time axonal dysfunction 
becomes permanent because of the programmed cell death of 
oligodendrocytes. The observations reported here favor a model 
wherein primary and secondary injury are causally related. Thus, 
modulation of the primary injury phase profoundly affects the 
secondary phase, without need for additional therapy. Further 
experiments will be necessary to determine whether a later 
administration of asialoEPO (such as in a multiple dosing 
regimen) further improves motor recovery, such as might hap- 
pen if asialoEPO is also effective at preventing the delayed 
oligodendrocyte apoptosis. 
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The sciatic nerve model also supports the relevance of a 
triggering mechanism by EPO. However, the immediate protec- 
tive effect of treatment in the sciatic neuropathy model shown by 
the IS-min pretreatment protocol cannot be explained by an 
effect on gene expression, but may reflect maintenance of 
vascular autoregulation, as has been reported for experimental 
subarachnoid hemorrhage (40, 49). Further, an immediate dif- 
ference in function for asialoEPO-treated animals despite dis- 
ruption of axoplasm suggests that secondary causes, such as 
edema formation, are also likely reduced Further study is 
needed to evaluate these possibilities. It has been reported that 
the sciatic nerve expresses very high levels of EPO-R (50). Since 
EPO-R expression is up-regulated after injury (50), postinjury 
treatment paradigms may yield additional interesting results. 
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The cytokine erythropoietin (EPO) protects the heart from ischemic 
Injury, in part by preventing apoptosls. However, EPO administra- 
tion can also raise the hemoglobin concentration, which, by in- 
creasing oxygen delh^ery, confouncb assignment of cause and 
effect. The availability of EPO analogs that do not bind to the 
dimeric EPO receptor and lack erythropoietic actlvityt e^., car- 
bamylated EPO (CEPO)« provides an opportunity to determine 
whether EPO possesses direct cardioprotective activity. In vivo, 
cardiomyocyte loss after experimental myocardial infarctton (MO 
of rats (40 mfn of occlusion with reperfuslon) was reduced from 
•«57% in IMI-control to «<45% In animab that were administered 
CEPO dally for 1 week (50 iig/kg of body weight s.c.) with the first 
dose administered intravenously 5 min before reperfusion. CEPO 
did not increase the hematocrit yet it prevented Increases in left 
ventricular (LV) end-diastolic pressure, reduced LV wall stress in 
systole and diastole, and improved LV response to dobutamine 
infusion compared with vehicle-treated animals. In agreement 
with the cardioprotective effect observed in vivo, staurosporine- 
induced apoptosls of adult rat or mouse cardiomyocytes in vitro 
was also significantly attenuated l^3S%) by CEPO, which is com- 
parable with the effect of EPO. These data indicate that prevention 
of cardiomyocyte apoptosls, in the absence of an increase in 
hemoglobin concentration, explains EPO's cardioprotectton. Non- 
erythropoietic derhfatives such as CEPO, devoid of the undesirable 
effects of EPO, e.g., thrombogenesis, could represent safer and 
more effective altemath^es for treatment of cardiovascular dis- 
eases, such as Ml and heart failure. Furthermore, these findings 
expand the acth^ity spectrum of CEPO to tissues outside the 
nervous system. 

apoptosls t cardioprotection | cytolcine j tissue Injury 

Erythropoietin (EPO) protects the brain and the spinal cord 
from ischemic and traumatic injury (1, 2), the peripheral 
nerve from diabetic damage (3), the kidney from ischemic (4, 5) 
or toxic insults (6), and the heart from acute ischemia, either 
permanent (7-9) or with reperfusion (10). Current data suggest 
that the observed protective effects of EPO depend on an 
antiapoptotic effect of this cytokine (7, 10). In the brain, EPO 
also greatly reduces the inflammatory response after ischemia- 
reperfusion (11). It is notable that in several acute models, e.g., 
brain ischemia, a single dose of EPO that does not increase the 
Hb concentration nevertheless confers neuroprotection. How- 
ever, in other in vivo injury models, including cardiac ischemia 
with reperfusion and diabetic neuropathy, injury develops grad- 
ually, and multiple doses of EPO appear superior but also 
increase the Hb concentration. The possibility that part of the 
benefit obtained with EPO in these models may depend on the 
increased oxygen-carrying capacity of the blood cannot be 
excluded. However, cardiac protection has clearly been demon- 
strated after only a single dose (8, 10) when evaluated 1-3 days 
after infarction before any increase in hematocrit was measur- 
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able. Furthermore, the fact that EPO is cytoprotectivc for 
cardiomyocytes in vitro (7) indicates that it has some direct 
cardioprotective effects independent of changes in Hb concen- 
tration. 

Recently, a second receptor for EPO that mediates EPO's 
tissue protection has been identified as consisting of the EPO 
receptor and jS-common (CD131) receptor, which is present in 
the myocardium (12). The EPO molecule can be modified, such 
as by carbamylation [carbamylated EPO (CEPO)], so that it 
signals only through this receptor and not the homodimeric EPO 
receptor yet is neuroprotective (13). By using CEPO, a definitive 
proof of concept that cardiac protection by EPO does not depend 
on, increases in red blood cell number can now be accomplished. 

In the current study, we determined whether CEPO protects 
cardiac myocytes from ischemia-reperfusion injury-related 
apoptosis in vivo and in vitro* A CEPO-mediated reduced cell 
loss was observed in vitro ^ as expected, and was also obtained 
in vivo. Furthermore, a favorable outcome [left ventricular 
(LV) function, basal and under stress] occurred in vivo after 1 
week of daily dosing, which did not affect Hb concentration. 
Taken together, these data confirm a direct effect of EPO/ 
CEPO on the myocardium. 

Materials and iWethods 

All experiments were performed in a blinded fashion and in 
accordance with all laws and regulations pertaining to animal 
research. 

Cardiomyocytes in Primary Culture. LV myocytes were isolated 
from adult Sprague-Dawley rats and C51/BL6 mice as described 
(14). Briefly, hearts were perfused through the aorta with 
coUagenase buffer (Selected Type II, Worthington Biochemical) 
and gassed in an atmosphere of 85%02 and 15% N2 at 37°C. LV 
myocytes were then isolated by mechanical dissociation, sepa- 
rated by differential centrifugation, and plated on 35-mm lami- 
nin-coated polystyrene tissue culture dishes in MEM supple- 
mented with Hanks' salts and L-glutamine (GIBCO). After 1 h 
of plating, the medium was changed, and CEPO [100 ng/ml, 
prepared as described (13)] was added to the myocytes 30 min 
before induction of apoptosis by staurosporine (2 ^M, Sigma- 
AJdrich). After 16 h of incubation, cardiomyocytes were fixed 
and processed for the assessment of apoptosis. Identification of 
apoptotic cell death was determined by die presence of double* 
stranded DNA cleavage* using a terminal deoxynucleotidyltrans- 



Abbreviations: EPO, erythropoietin; rhEPO, recoinbinant human EPO; CEPO, carbamylated 
EPO; Ml, myocardial infarction; LV, left ventricular; SF, shortening fraction; TdT, terminal 
deoxynudeotidyltransferase. 
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ferase (TdT) assay, and confirmed by evaluation using interfer- 
ence contrast microscopy of myocytt morphological features 
characteristic of apoptosis. 

In Vivo Experimental Protocol. Male Sprague-Dawley rats (253 ± 
4 g) were anesthetized with isof lurane 3% (O2, 0.25 liters/min; 
N2, 0.4 liters/min) and were ventilated (70 breaths per min, tidal 
volume of 12 ml per 100 g of body weight) through an endo- 
tracheal cannula. The left anterior descending coronary artery 
was ligated with a 7-0 silk suture after exteriorization of the 
heart through a 15-mm opening at the fourth-intercostal space. 
An overhand knot was tied over two pieces of suture to arrest 
blood flow and was removed after 40 min to initiate reperfusion. 
Ischemia was confirmed by the appearance of ventricular ectopy 
and blanching of the myocardium. The chest was then closed 
under negative pressure, and the rat was weaned from mechan- 
ical ventilation under continuous electrocardiographic monitor- 
ing. Successful reperfusion was indicated by a restoration of 
normal cardiac rubor. Sham-operated rats underwent identical 
surgical procedures, but without coronary artery ligation. CEPO 
dissolved in saline was administered a dose of 50 /i^/kg of body 
weight i.v. 5 min before reperfusion, then 50 ^^kg of body 
weight s.c. every day for 6 days. Hematocrit was assessed in 
duplicate from tail blood on day 7. Blood was collected 3-4 and 
24 h after the last CEPO administration. CEPO in plasma was 
measured with an ELISA by using CEPO as a standard, a 
monoclonal anti-rhEPO (MAB287, R&D Systems) as capture 
antibody, and a polyclonal anti-rhEPO (AB-286-NA, R&D 
Systems), biotinylated according to standard procedures, as 
detection antibody. The sensitwity of the assay was 0.5 ng/ml. 

Echocardiography. Rats surviving a 40-min left anterior descend- 
ing coronary artery occlusion underwent transthoracic echo- 
cardiography (Aloka SSD-5500, Aloka, Tokyo) on day 14 
under light sedation (diazepam and xylazine i.p.) by using a 
13-MHz linear transducer at high frame rate imaging (57 Hz). 
Short- and long-axis 2D views and M-mode at the level of 
infarction were analyzed in real-time and recorded on a 
magnetoopdc disk for off-line analysis by a sonographer who 
was blinded to study treatments. Anterior and posterior end- 
diastolic and end-systolic wall thicknesses and LV internal 
dimensions were measured, as recommended by the American 
Society of Echocardiography (15, 16). Shortening fraction 
(SF) was calculated from the composite LV internal, diastolic 
(LVIDd) and LV internal, systolic (LVIDs) dimensions as 

SF = [(LVIDd - LVIDs)A-VIDd] X 100 

from M-mode short-axis views. LV end-diastolic volume, LV 
end-systolic volume, and LV ejection fraction were calculated by 
modified Simpson's single-plane rule from a long-axis view. The 
2D echocardiographic images were divided into 16 segments that 
were counted as abnormal at any degree of wall motion abnor- 
mality, e.g., akinesis, dyskinesis, and hypokinesis. LV wall dys- 
synergy (akinetic, dyskinetic, and severely hypokinetic segments) 
was considered as an in vivo index of the extent of damage caused 
by infarction to the ventricular wall. Systolic and diastolic wall 
stress was calculated from LV systolic and diastolic pressure 
measured with a Millar catheter (see below) and echocardio- 
graphic dimensions by the formula 

WS = PhiHI + b^)/2RHb^ - a\ 

where P = intraventricular pressure, R = LV radial coordinate, 
fl = LV inner radius, and 6 = LV outer radhis (17, 18). After 
echocardiographic examination at rest, stepwise i.v. (22-gauge 
heparin lock percutaneously inserted into the tail vein) inftision 



of dobutamine (echo stress) was performed to evaluate myo- 
cardial viability and recovery of global LV function (19, 20). 

Hemodynamics. At least 24 h after completion of echocardio- 
graphic exams (i.e., day 15), a microtip pressure transducer 
(SPC-320, Millar Instruments, Houston) was inserted into the 
right carotid artery to measure systolic and diastolic blood 
pressure and heart rate (Windowgraph, Gould Electronics, 
Valley View, OH) under pentobarbital anesthesia (50 mg/kg 
i.p.). The pressure transducer was then advanced into the LV to 
measure systolic and end-diastolic pressure, the first derivatives 
(positive and negative) of LV pressure over time. 

Histomorphometry. Upon completion of hemodynamic measure- 
ments, the heart was arrested in diastole by i.v. injection of a 
2.5-M solution of KCl, quickly removed from the chest, blotted 
dry, and weighted. The atria were trimmed, and the free right 
ventricle wall and LV inclusive of the septum were weighed 
individual^. LV internal length was measured by use of a probe. 
Two slices just below the arterial ligation, basal and apical, were 
fixed in formaldehyde. Two 5'fim sections from each paraffin- 
embedded slice (i.e., basal and apical) were obtained (one just 
below the ligature and the other from the basal side of the apical 
part of LV) and were stained with hematoxylin/eosin. Scar and 
spared myocardium area were assessed by counting the number 
of intersection points of an ocular grid with 121 points overlying 
scar (infarct) or spared myocardium of the LV, Infarct area was 
calculated as the ratio between scar area and the area of the 
whole-LV section and expressed in percentages. The cardiomy- 
ocyte cross-sectional area was measured by manually tracing the 
cell contour on images acquired on the image analyzer ibas 2.0 
(Kontron-Zeiss image analysis system) at X400 magnification 
and averaged >50 cardiomyocytes in each section (21). The total 
number and volume of myocytes were determined by quantita- 
tive morphometric methods on hematoxylin/eosin-stained 5*/im 
sections (22). Measurements obtained in the two representative 
sections of each heart were averaged. 

In Situ TdT Assay for Detection of Apoptosls. Myocytes obtained by 
isolation from different rat or mouse hearts of each experimental 
groups were incubated with TdT (23). Positive controls (myo- 
cytes treated with DNase I) and negative controls (omission of 
biotin'16-dlJTP or TdT) were also included. Nuclei were visu- 
alized with propidium iodide, and interference contrast micros- 
copy was used to exclude apoptotic nuclei of non-cardiomyocyte 
origin. Tlie number of TdT-labeled cells was determined by two 
different operators blinded to the experimental groups by count- 
ing an average of >450 isolated myocytes in each culture dish. 
Immunofluorescent images were obtained by using an Olympus 
FV500 laser-scanning confocal microscope. 

Calculations and Statistical Analysis. All data are presented as 
mean ± SEM. Mean changes versus baseline in echocardio- 
graphic variables during dobutamine infusion were calculated by 
area under effect versus dose-response curve truncated at 15 ftg 
of dobutamine (i.e., the plateau) and used to estimate inotropic 
reserve. Maximal values of heart rate and SF on dobutamine 
were also calculated. Experimental groups were compared by 
one-way ANOVA, followed by post hoc Dunnett's test, using 
myocardial infarction (Ml)-control as reference group (PRISM 4X) 
for Windows). 

Results 

In Vitro Study. In contrast to cells cultured in serum-free medium 
for 16 h (Fig. 5 A and B, which is published as supporting 
information on the PNAS web site), myocytes in the presence of 
staurosporine showed cytoplasm shrinkage, nuclear condensa- 
tion, and fragmentation (Fig. 5 C and D) associated with 3'-OH 
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Fig. 1. Mean percentage of myocytes positive for TdT assay counted on 450 
celts in each dish obtained by isolation from different rat or mouse hearts. 
Shown are data for rat control (n = 9), S (Staurosporine. n - 10), rat S plus C 
($ plus CEPO, n » 1 0), mouse S plus C (n » 4), and mouse S plus E (S plus EPO; 
n " 4).«« P < 0.05; P < 0.01 versus staurosporine. 



DNA ends identified by TdT assay (Fig. Only nuclei of 
myocytes that retained the typical rod-shape morphology of 
uninjured cells were negative for the TdT staining (Fig. S B-D). 
After 16 h of culture in the absence of staurosporine, rat 
myocytes exhibited a low basal percentage of TdT-Iabeled nuclei 
(3.0 ± 0.5%) that markedly increased 18.3-fold (55.0 ± 3.7%; 
P < 0.01, Fig. 1) after staurosporine incubation (S, 2 fiM) to the 
medium. The presence of CEPO (S plus C) was associated with 
a significant reduction of staurosporine-induced apoptosis to 
37.5 ± 4.8% (P < 0.01), confirming a direct effect of CEPO on 
survival. A similar degree of protection was observed for EPO 
(S plus E). Cells from either rats or mice behaved similarly. 

In Wvo Study. A total of 38 male CD rats underwent surgery, and 
8 rats (21%) died within 6 h after surgery. There were no 



differences in the distribution of perioperative mortality be- 
tween the MI groups. Postmortem examination revealed exten- 
sive Mis. Ten infarcted rats received CEPO in saline 0.9% 
(MI-CEPO group), 13 rats used as controls received saline 0.9% 
(Ml-control group), and 8 rats served as Sham-operated controls 
(Sham group). Ail were included in final analysis, except for 
three Ml-control rats who died during foUowup. CEPO was 
measurable in all treated rats, at both 3-4 h and 24 h after s.c. 
administration; concentrations averaged 55 J ± 8.7 ng/ml and 
15.2 ±1.4 ng/ml, respectively. CEPO was always below the 
detection limit in untreated rats. As anticipated, CEPO did not 
affect the hematocrit on day 7 after surgery: MI-CEPO, 43.6 ± 
1.7%; Ml-control, 41.6 ± 2.0% (P = not significant). 

Hlstomorphometric Analysis. Infarct size, calculated as the frac- 
tional area of the scar, was smaller in MI-CEPO group than in 
the Ml-control group: 17% versus 23% (Fig. 24; P = 0.065). 
Calculated number of cardiac myocyte nuclei in tiie whole LV 
was decreased significantly in both MI groups (Fig. 2B). Cardiac 
myocyte volume per nucleus was smaller in CEPO-treated 
animals (Fig. 2C; P < 0.05). Consistent with this result, myocyte 
cross-sectional area in MI-CEPO group was 14% lower Uian in 
the Ml-control group (Fig. 2D; P < 0.05). 

Echocardiography. Cardiac anatomical and functional variables 
(LV wall thickness, internal chamber diameter, SF, LV volumes, 
and ejection fraction, and LV wall motion) measured at rest 
showed a dilated and dysfunctional left ventricle in infarcted 
animals when compared with Sham-operated animals (Table 1). 
CEPO treatment was associated with a nonsignificant improve- 
ment in other variables except for LV wall stress in diastole. 
Although LV wall stress increased in both systole and diastole for 
infarcted animals, CEPO treatment significantly reduced the 
deterioration compared with vehicle-treated controls (Fig. 3). 
After dobutamine infusions from 0 to 40 $ig/kg per min, 
Inotropic reserve (Fig. 44) and peak (maximum) SF were 
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Fig. 2. Hlstomorphometric evaluation of infarct size (A)» number of cardiac myocyte nuclei in left ventride (fl). cardiac myocyte volume per nucleus (Q, and 
aoss^ectional area of cardiac myocytes in the spared left ventrtde of Sham-operated rats and in coronary-ligated rats untreated or treated with CEPO (O). 
M Control group; CEPO, MI-CEPO group. •,P< 0.01 versus vehide. 
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Table 1. Baseline echocardiographic variables measured 14 days 
after ischemia and reperfusion in rats Sham-operated, with 
infarction treated with CEPO or untreated (VEH) 



CEPO(n = 10) VEH(n = 10) 5ham(n = 7) 



Heart rate, bpm 


403 




20 


346 


± 


18 


354 




25 


LVIDd, mm 


7.52 




0.30 


7.79 




0.31 


6.31 




0.10* 


LVIDs, mm 


4.65 




0.41 


5.34 




0.43 


2.83 




0.32* 


SE.% 


39.1 




3.7 


31.8 




3.8 


49.1 




2.2* 


IVSThd, mm 


1.97 




0.05 


1.91 




0.05 


1.99 




0.04 


AWThd, mm 


1,22 




0.08 


1.16 




0.12 


1.94 




0.03* 


EDV. mi 


0.35 




0.03 


0.41 




0.03 


0.30 




0.03 


ESV.ml 


0.15 




0.02 


0.19 


± 


0.02 


0.06 




0.03* 


EF, % 


54.7 




4.7 


51.1 




12.1 


81.1 




2.0* 


A/D/H extension. % 


22.80 


± 


1,87 


26.67 




1.67 









Dunnett comparison with the VEH group (reference group). *. P < 0.01. 
LVIDd. LV internal diastolic diameter; LVIDs» LV internal systolic diameter; 
IVSThd. diastolic interventricular septum thickness; AWThd. diastolic anterior 
wall thickness; EDV. end-diastolic volume; ESV, end-systolic volume; A/D/H, 
aldnesis/dysldnesis/hypokinesls. 



greater in Sham-operated rats than in infarcted rats (P < 0.01), 
MI-CEPO rats responded to dobutamine better (P < 0.05) than 
did Ml-control rats (Fig. 4 A and B). These effects on SF were 
observed in the absence of differences in peak heart rate 
(Fig. 4C). 

Hemodynamics. Systemic arterial and LV pressures, their deriv- 
ative and heart rate, did not show significant changes attributable 
to MI, except for LV end-diastolic pressure that was significantly 
increased: 2.1 ± 0.5 mmHg in Sham versus 7.1 ± 1.0 mmHg in 
Ml-control (P < 0.01). CEPO attenuated the increase in LV 
end-diastolic pressure observed in Ml-controls: MI-CEPO, 
4.3 ± 0.6 mmHg; Ml-control, 7.1 ± 1.0 mmHg (P = 0.023). 

Discussion 

The results obtamed from the isolated adult rat ventricular 
cardiomyocy tes show that CEPO, a nonerythropoietic derivative 
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FI9. 3. CEPO administration prevents full increase in LV wall stress In diastole 
(A) and in systole (9). *,P< 0.05 w*;P< 0.01 versus Ml-control (VEH). 
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Fig. 4. Echo dobutamine stress test for the assessment of myocardial viability 
in lightly sedated rats, inotropic reserve (A)» Maximum (peak) SF (B). and 
maximum heart rate (O on dobutamine in Sham-operated rats and in coro- 
nary ligated rats untreated or treated with CEPO are shown. VEH, Ml-control 
group; CEPO, MI-CEPO group. *,P< 0.05; **, P < 0.01 versus VEH group. 

of EPO» possesses the same antiapoptotic effect as previously 
observed for EPO (7). Positive results obtained by using cells 
from two species (rat and mouse) confirm that the findings are 
general in nature. Because CEPO has no affinity for the classical 
EPO receptor (i.e., the erythropoietic dimeric form), cytopro- 
tection by CEPO is mediated by another receptor type. Prior study 
has shown that this tissue protective receptor uses the 0-receptor 
common to 11^3, n^S, and granulocyte-macrophage colony- 
stimulating factor (12) Extension of the protective effects of CEPO 
from the nervous system to the heart supports the concept of EPO 
and CEPO as general tissue-protective molecules. 

In the cardiomyocyte model, exposure to staurosporine in- 
duced the majority of myocytes to undergo apoptosis similar to 
that observed for previous studies using 12-24 h of hypoxia (7, 
8). Staurosporine, an inhibitor of protein kinase C, has been 
shown to induce apoptosis in a wide variety of cell types, 
including cardiomyocytes (24). An advantage of using stauro- 
sporine to induce ajwptosis is that the morphological and 
molecular characteristics of staurosporine-induced injury, such 
as cytoplasm shrinkage, nuclear condensation (Fig. 5) and 
fragmentation, loss of mitochondrial transmembrane potential, 
Bax translocation, cytochrome c release, and caspase-3 activa- 
tion (25), closely mimic apoptotic processes during hypoxia and 
reoxygenation of isolated adult cardiomyocytes (26). 

The positive results obtained in vitro encouraged testing 
cardiac protection in vivo by using a rat model of myocardial 
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infarction with reperfusion. Treatment with CEPO, beginning 
just before the release of coronary occlusion, and then continued 
once daily for 6 additional days, resulted in an attenuated loss of 
cardiac myocytes and prevented compensatory hypertrophy, as 
assessed on day 15 after infarction. These findings, similar to 
those observed for EPO (7), can be explained by the antiapo- 
ptotic action observed for both EPO (7) and CEPO, particularly 
as expected for in the LV free wall (27, 28) and the region 
adjacent to the infarcted LV free wall (29, 30). Although 
assessment of MI size on day 15 by calculation of fractional area 
of the scar is potentially complicated by scar shrinkage and 
compensatory hypertrophy of spared myocardium, a trend to- 
ward smaller scars in CEFO-treated rats was observed, which is 
consistent with the observed 21% reduction in cardiomyocyte 
loss. The attenuation of cell loss and hypertrophy by CEPO was 
also accompanied by other evidence of more favorable changes 
in LV function under both basal and stressed conditions. Spe- 
cifically, the small but significant increase in LV end-diastoHc 
pressure observed in Ml-control was normalized by CEPO. This 
effect, together with the strong trend for smaller LV volumes in 
the CEPO group, explains the significant reduction in LV 
diastolic wall stress by 47%. Wall stress is a major determinant 
of the LV progressive dDatation and the associated hemody- 
namic deterioration that begins in the first days after MI, and it 
becomes more evident over the following months. 

Because 40 min of ischemia followed by reperfusion led to 
a mild-to-moderate structural and functional impairment over 
a period of 15 days, we reasoned that LV functional reserves, 
as assessed by dobutamine infusion, might amplify differences 
attributable to treatment with CEPO (19, 20). Indeed, al- 
though the SF under baseline conditions was comparable at 
39 ± 4% in the CEPO group and 32 ± 4% in the Ml-control 
group (P = NS), the CEPO-treated group showed a better 
response than vehicle to dobutamine (Fig. 44), with a greater 
peak SF, without significant differences in the maximum heart 
rate (Fig. 4 B and C). 

Cardioprotection by EPO has been shown to involve both 
acute and delayed components, which is consistent with a 
pharmacological form of preconditioning (reviewed by 
Bogoyevitch in ref. 31). In our experiments, we administered 
CEPO at the time of reperfusion in a manner consistent with 
timing for many clinical interventions, e.g., percutaneous angio- 
plasty. This procedure likely provides both acute and delayed 
effects. However, it is currently unknown what schedule of 
dosing will result in maximum tissue salvage. In a recent limited 
time-window study using EPO, administration at the time of 
cardiac reperfusion was associated with a better outcome than 
when given 2 h before (32). However, given the prolonged time 
course of ventricular remodeling and development of heart 



failure and its assodation with continued cardiomyocyte apo- 
ptosis (reviewed in refe. 30 and 33), it is most likely that multiple 
doses of tissue-protective cytokines will be required to produce 
maximum protection. Another critical but unexplored question 
concerning intervention with tissue protective cytokines in myo- 
cardial ischemia is information on the optimum dose. This issue 
is especially critical because EPO has been shown to exhibit an 
inverted U-shaped dose-response curve in a number of exper- 
imental systems, e.g., EPO-mediated endothelial cell nitric oxide 
(NO) production (34). such that high doses of EPO lose bio- 
logical activity. Furthermore, because EPO has been shown in 
the nervous system to require only a brief presence to trigger 
protective functions (2), fdrther study will be needed to deter- 
mine whether peak serum concentrations or area under the 
concentration curve is the important variable. 

The larger fraction of myocardium recruitable for contraction 
in the CEPO group and the structural and functional benefits 
obtained with CEPO definitively demonstrate that cardiopro- 
tection can be separated from the erythropoietic action of EPO. 
The dissociation of myocardial protection from erythropoiesis is 
highly desirable from the perspective of a therapeutic use of 
CEPO. Notably, in mice, EPO-mediated increases in hematocrit 
causes vasoconstriction and cardiac dysfunction through NO 
depletion and endothelin activation (35, 36). Furthermore, in 
himians, recombinant human EPO (rhEPO) administration can 
lead to hypertension (37-39). It is also well known that EPO can 
cause thrombosis and therefore tissue injury (40). Even a single 
exposure of normal humans to EPO causes a dose-dependent 
increase in E-selectin within 2 days, which is consistent with 
signiHcant endothelial cell activation (41). Similar responses 
have also been documented for other markers associated with 
thrombosis, e.g., P-selectin, and in vitro studies confirm direct 
and rapid prothrombotic effects of EPO on the endothelium 
(42). Clearly, an increased potential for thrombosis is not 
desirable in vascular occluswe myocardial disease. 

These considerations suggest that the possible beneficial 
effects of rhEPO therapy might be masked or even reversed by 
these adverse effects of EPO. The availability of nonerythro- 
poietic derivatives such as CEPO, retaining tissue protection but 
without the undesired effects of rhEPO, could be safer and more 
effective therapeutics for cardiovascular diseases such as myo- 
cardial infarction and heart failure. Finally, we expect that the 
protective effects of molecules like CEPO will extend to other 
tissues and organs for which EPO has been shown in experi- 
mental models to provide protection from injury. 

We thank Ingrid Seinen (Aloka, Assago, Italy) for setting up echocar- 
diography for the dobutamine stress test. This work was partially 
supported by a grant from Fondazione CARIPLO Bando 2005 and 
European Genomic Network Contract LSHM-CT-2003 503254. 
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The role of lA^ozal and glycolaldebyde in protein 
crofis-linldng and iV*-(earboxyinetliyl)ly8ine (CML) for- 
mation during Maillard reaction under physiological 
conditions was investigated. Incubation of bovine se- 
rum albumin with these reagents lead to rapid forma- 
tion of C-2-lniine cross-linhs and CML. Initial CML for^ 
mation rate firom glyoxal was not dependent on 
oxidation* suggesting an intramolecular Cannizzaro re< 
action. CML formation from glucose/lyaine or Amadori 
product of both waa strongly dependent on oxidation. 
Blocking of Amadori product by boric acid totally sup- 
pressed CBIL fbrmation from Amadori product, but only 
by 87% in the glucose^Sysine system. Trapping of ^oxal 
with aminoguanidlne hardly suppressed CML formation 
fr^m Amadori product, whereas it blocked 50% of CML 
production in the gtucose/lysine system* While these re- 
sults would support a significant role for glucose autox- 
idation in CBIL formation, the addition of lysine to a 
glucose/aminoguanidine incubation system catalyzed 
l^yoxal-triaxine formation T-fold* thereby strongly sug- 
gesting that glucose autoxidation is not a factor for 
^lyoxal-mediated CML formation. Based on these re- 
sults, it can be estimated that approximately 50% of the 
CML forming in a glucose/lysine system originates teom 
oxidation of Amadori product, and 40^0% originates 
from a pre-Amadori stage largely independent from glu- 
cose autoxidation* This step may be related to the so- 
caDed Namiki pathway of the Maillard reaction. 



The reaction between reducing sugars and amino structures 
in amino adds or proteins (alflo called Maillard reaction) has 
been shown to proceed in living systems and to correlate with 
age and severity of diabetes (1). Unlike organic syntheses, it 
does not result in one or few well defined products but proceeds 
through complex reaction pathways resulting in a large ntun- 
ber of structures (2). After the initial formation of a Schiif base 
adduct between the carbonyl and the amine moeity» the aldi- 
mine rearranges to a more stable ketoemiine or Amadori prod- 
uct. Enolization, dehydration, Qxlization, fragmentation, and 
oxidation reactions form reactive intermediates that ultimately 
lead to stable end products. 

Although enormous efifort was devoted to elucidate the na- 
ture of these protein modifications, so far only two structures 
besides the Amadori product have been suocessfblly estab- 
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lished in vivo, pentosidine and ^-carboxymethyllysine (CML)^ 
(3, 4). A third structure, pyrraline, was found in tissue matrix 
by immunochemical and chromatographic methods (5-7), but 
its existence in vivo is controversial (8). 

The slow progress in elucidating the structure of the m^or 
Maillard cross-link in proteins together with the finding of a 
C-2-glucose fragmentation product in form of CML, suggested 
to us that the pathway proposed by Namiki (9) may play an 
important role in CML formation and cross-linking. In this 
pathway, glyoxal and glycolaldebyde were detected as Maillard 
fragmentation products in heated model systems of sugars and 
alkylamines (10, 11). According to Namiki, the Schiff base 
adduct i undergoes retro aldol condensation at C-2-G-d to yield 
fragment 2 (Fig. 1). Compound ^ is the Schiffbase adduct of the 
amine with sJycolaldehyde, which on one hand could hydrolyze 
to release glycolaldebyde or rearrange to form aldoamine 3. 
Condensation with a second molecule 3 was proposed to result 
in pyrazine 4, which has been shown to be easily oxidized and 
fragmented to give, for example, di-Schiff base adduct 5 or to 
release glyoxal (12). Condensation with a second amine com- 
pound would yield imine 7. Thus, the formation of glyoxal and 
glycolaldebyde in this pathway are linked together, and both, 
upon reaction with amines, would result in common structures. 
Both molecules are highly reactive intermediates and have 
been reported to modify and cross-link proteins, although 
structures were only proposed (13-16). 

Based on these preliminaiy observations and the finding 
that carboxymethylation of amino adds can occur with glyoxal 
in heated reaction mixtures (16, 17), we hypothesize that a 
mechanism involving glyoxal/glyoolaldehyde could contribute 
to CML formation and protein cross-linking under physidogical 
conditions. This hypothesis departs from the previous notion 
that CML originates only from the Amadori product (18, 19). 

In the first part of this stu^y, we investigated the relation- 
ship between glyoxal/i^ycolaldehyde and presumed C-2-imine 
crosB-linka 5/7 in protems incubated with these eariwn^ com- 
pounds and various sugars* In the second part, we studied the 
mechanism of CML formation from these reagents. In addition, 
we evaluated the contribution of glyoxal versus oxidative cleav- 
age of the Amadori product on CML formation and the relative 
importance of the T^amiki pathway" during incubations with 
reducing sugars. 

EXFSRIMENTAL PROCEDURES 
Reagents 

Reagents of highest quality available were obtained from Sigma, 
Fisher, and Aldridi, unless otherwise indicated. 



^ The abbreviations used are: CML, ^-^carboxymethyDlyaine; GC/ 
MS, coupled gas diromatography-masa spectrometry; HPLC, high per> 
formance liquid chromatograpl^ BSA, bovine serum albumin; N'-ighx' 
citoly])]ystne, reduced Amadori product of glucose and lysine; TLC, 
tbin-Iayer ehnrniategraphy; l-Boc, r-butosycaibonj^ 
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Spectra 

and % nudear magnetic resonance (NMR) spectra (Me^Si 
(CDCI3), 3-(tnsidtliy]silyl)propionie-23t3,3<{4-add (D,0) as interna} 
standards) were recoxded with a Varian 300 MHs spectrometer Gemini- 
800 (Varian Aasodates, Inc. Palo Mto, GAX Hjgh resolution fast atom 
bombardmeni mass spectral data were obtained at Middgan State Uni- 
versity Mass Spednmietiy Fadfity, and hig^ rsadution mass spectra 
were obtained with a Kiratos MS 25 BFA dual beam, double feousing, 
magnetic sector mass spectometer (direct probe insertion, EI 20 eV). 

High Perfbmumce liquid Chromatography 

HPLC was performed on a Waters gradient system (Waters Chro- 
matograpby Division, Milford, MA) equipped with two model 510 
pumps and a model 470 fluoresoenee detector. Amino adds were deri- 
vati»3d postoolumn with 9*phthaldxaldehyde (Aldrich) (20). System 1 
for detection of CML consisted of water (eluent A) and 70% methanol in 
water (eluent B), both wHh 0.01 u heptafluorobutyric add (Aldridi), 
CIS column (0.4 X 26 cm. 6 |im, VYDAC 218i:P54, Hesperia, GA), flow 
rate 1 ml^nin, gradient 2% B for 20 min and then in 6 min to 100% B. 
System 2 for detection of CML and ghidtolyl-Iyaine was as follows: 
column as system 1, with 5% propanol (eluent A) and 60% prq|>anol in 
water (eluent B), both with 3 g of SDS (FlukaVUter, 1 g of monobasic 
sodium phosphate monol^drate/Uter, and a4)U8ted to pH 2.3 with phos* 
phoric add, gradient 16% B 22% B in 80 min -» 40% B in 20 min 
100% B in 6 nun and flow rate 1 ml/mizi. System 3 for detection of 6 was 
as follows: column, flow and eluents like system I, gradient 16% B 
40% B in 26 min 60% B in 22 min 100% B in 8 min. System 4 for 
detection of was as follows: column and flow like system 2, eluent A 
5% propand and eluent B 60% propanol in water, both with 3 g of 
SDS/hter, 1.6 g of monobasic sodium phosphate monohydrate/Hter and 
adjusted to pH 7 with potassium hydroxide, gradient 15% B -* 26% B in 
30 min 35% B in 6 min 100% B in 5 min. System 5 for preparative 
isolation of 6 was as follows: eluente like system 1, CIS column (2.2 x 
26 cm, 10 VYDAC 2181P1022), gradient 15%B-»50%Bin60min 
-* 100% B in 25 min and flow 8 ml/min. System 6 for prqwrative 
isolation of CML and 9 was as follows: eluents, column and flow like 
system 6, gradient 2% B for 40 min then to 100% B in 5 min. Qyatem 7 
for detection of 9 was as follows: column, flow, and eluents Uke system 
2, gradient 20% B 28% B in 40 min -»> 100% B in 5 min. 

Coupled Qaa ChromaU^raphy-Maaa Spectrometry 

GC/MS was performed on a Hewlett Packard 6890 series U chro- 
matQgraph (Wilmington, DE), quartz capillary column (25 m, inner 
diameter 0.2 oam, Ultra 6 (Hewlett Packard), 0.33 fun, He, 12 psi, 26.26 
cm/s, constant flow program on), ii\jection port 270 ''C, interface 280 ''C, 
temperatun program 100 ^ 200 «G/B <'C-min' ^ to 200 «C 270 ""Ci 
10 "C-min~* to 10 min isothermal 270 '*C; connected to Hewlett Padcard 
6971 aeries mass selective detector, EI and positive CH4-CI mode. 

Chromatography 

Silica gel 60 Merck 6564 (EM Separations, Gibbstown, NJ) was 
used for thin-layer chromatography (TLC) and silica gel (63-200 fon) 
(All tech, Deerfieid, ID was used for column chromatography. Chromatog- 
raphy solvents were all ACS grade. From the individual chinmatographic 
firactiona, solvents were evaporated under reduced pressure. 

Synthetic Procedures 

Ethylenedihexylamine—A solution of 0.5 g (4.2 mmol) of 2,3-dihy- 
droxy-l,4-diozane (Fluka) and 1.26 g (12.6 mmol) of hei^lamine 
(Fisher) in 6 ml of anhydrous methanol was stirred at 26 *C for 30 min, 
380 mg of sodium borohydride (Fluka) was added, and after 16 min of 
stirring, the solvents were evaporated to drsmess. The residue was 
taken up in 1 n NaOK and extracted with ethyl acetate. The combined 
organic layers were dried over anhydrous sodium sulfate and the sol- 
vents were evaporated. Tbe residue was dissolved in 10 ml of anhydrous 
pyridine, and 6 ml of trifluoroacetic anhydride (Aldrich) were slowly 
added at 0 *C. Tb9 solution was stirred for 6 min at 0 "C and then for 55 
min at ambient temperature. T^e solvents were evaporated to dryness, 
and Use resulting brown oil was puriiled by column chromatography 
(eluent CHfCls). Fractions containing J^J^'-di-(trifIttoroacetyl)ethyl- 
enedihexylamine (Br 0.56, TLC (same solvent)) were combioed and 
evaporated to dryness (300 mg (17%), oolorless oil, GC 23.21 min). 
CI-GC/MS, m/z 421 (M + 1;100) 307(10) 224(13) 210(3) 198(6) 154(5). To 
remove the trifluoroacetyl groups, 300 mg of N//'-di(trifluoraaoetyl> 
ethylenedihexylamine was dissidved in 0.6% potassium hydroxide sck 
lution in methanol and stirred for 45 min at 80 TLC (advent aa 
above) showed complete absence of trifluoroacefyl derivative. Sohrenta 



were evaporated and the residue was taken up in 1 N NaOH and 
extracted with dietlq^letfaer. The cmnhined organic layers were dried 
over anhydrous sodium sul&te, and solvents were evaporated to yield 
ethylenedihexylamine (160 mg (overall 16%) of coloriess oil, TLC Ry 
0.49 (solvent butanolAvater/acetac add, 26:5:3), CjC Ijk 19.02 min). CI- 
GG/MS, m/s 229 (M + 1;100) 227(91) 157(40) 128(51) 114(53). ^H 
NMIUCDCle), 6 (ppm) 0.88 (t, 6H, «/ » 6.9 Hs) 1.28 (m. 12H) 1.48 (m, 
4H) 2.59 (t. 4H, = 7.6 Hs) 2.71 (s, 4H). 

2j6-Diiimino-7J0-diaza'hexadeea7ie-lJ&dioie add 6— A suspen- 
sion of 0.25 g (2.1 mmol) of 2,3-dihydraiy-l,4-dioxane, 1.28 g (6.2 mmol) 
of >^-<-Boo-^y^ine (Bachem, Tdrranee, OA) and three potassitim hydros- 
ide pellets in 6 ml of anlydrous methanol was stirred for 1 h at room 
temperature. Fbllowing addition of 190 mg (6 mmoU of eodium borohy- 
dride, the solution was stirred for another 15 min, and the pH waa then 
adjusted to 7 with 1 M HCL TIC (solvent butanol/water/aoetic add, 
25:6:3) revealed a new spot at 0.10. Eluents were evaporated to 
(hyness, protecting groups were removed by treatment with 3 N HCI for 
30 min, and the solution was then freeze dried. The lyophilisate was 
taken up in water and subjected to preparative HPLC system 5. Frac- 
tions containing 6 were collected and freexe dried (66 mg (10%), colors 
less amorphous hygroscopic powder. HPLC system 6, t^ 63 min; system 
3, Ijt 47.6 min; system 4, <jt Sas min; GC (ff as its trifluoroaeetylmeth- 
ylester derivative) tj, 32.81 min). EK70 eVXXVMS, m/z 378 (M^'-362; 
24) 366(9) 819(13) 309(36) 305(54) 194(29) 180(100) 178(48) 162(15) 
140(98) 126(19) 114(9) 96(10) 84(10) 67(40). 'H NMR(DaO), 8 (ppm) 1.38 
(m, 4H), 1.62 (p, 4H, J « 7.7 Hs) 1.80 (m, 4H), 2.99 (t, 4H, J = 7.7 Hs). 
3.28 (s, 4H), 3.81 (t. 2H, *f - 6.3 Hs). NMR(D20), 8 (ppm) 23.85, 
27.66, 31.86, 46.39, 60.17, 65.68. 176.26. Hi^ resolution fost atom 
bombardment mass spectrometry, 319.4217 calculated 319.4233 for 
C14 H31 N4 04. Elementary anaJ^ysis showed that material obtained 
was the 6*4 heptafluorobu^^rate salt 

ff'(CarbiK^methyl)ly8ine-~'2iS mg (1 mmol) of N^-f-Boo-lyaine and 
186 mg (1 mmol) of iodoaoetic add (Aldrich) were dissolved in 10 ml of 
phospluOe bufier, pH 10, and stirred overnight at ambient temperature. 
The scdution was fireese dried and purified by column chromatography 
(solvent methanol/ethyl acetate. 2:1). Fractions containing material 
with Ry 0.69 (TLC/solvent methanol) were evaporated, taken up in 3 N 
HCI, and stirred for 60 min at room temperature. Solvents were re* 
moved by freeze drying, and the lyophilisate waa sul^ected to prepare 
ative HPIC system 6. Fractions containing CML were combined and 
freese dried (46 mg (22%), colorless amorphous powder, HPL€ system 6 
tjf 22.1 min, syBtem 1 t/t 9.4 min, system 2 tj^ 26.3 min, GC (CML as its 
triflttoroaoetylmethylester derivative) t„ 22.03 min. spectroscopic data 
compliant with the literature (4), elementary snalysis showed that the 
material obtained was the CML*2 heptafluorobutyrate salt). 

N^-(GlucitolyVlysine (reduced Amadori product of glucose and ly- 
8ine}-~A solution of 0.6 g (3.3 mmol) of ^ucose (Sigma), 0.82 g (3.3 
mmol) of iV^'f-Boc-lysine, and 0.21 g (3.3 mmol) of sodium cyanoboro- 
bydride (Aldrich) in 8.6 ml of anhydfoua methanol was stirred over* 
night, 2 g of silica gel was added, solvents were evaporated, and the 
resulting powder waa fractionated by column chromatograp!^ (eluent 
methanol/ethyl acetate, 1:2). Fractions containing N**-<-BoD-N*-(glud- 
tolyDlyaine (Ap 0.12, TLC, eluent butanol/water/acetic add, 25:6:3) 
were evaporated. The residue was taken up in 8 N HCI, stirred for 60 
min at room temperature, and freeze dried. ^KghidtolyDlysine was 
obtained as colorless oystals (126 mg (12%), HPLC system 2 tf^ 39.1 
min, spectroscopic data compliant vntb the literature (21)). 

N*'(2'HydroacyetkyDkfs%ne 9—273 mg (1.1 mmol) of /r"-t*Boc-lymne, 
66 mg (1.1 mmol) of glycolaldehyde, and 69 mg (1.1 mmol) of sodium 
cyanoborohydride were dissolved in 7 ml of anhydrous methanol and 
stirred overnight Solvents were evaporated, and the resulting oil was 
applied to column chromatograpl^ (eluent methanol/ethyl acetate, 
1.76:1) to remove inorganic salts. Fractions containing material with R^ 
0.37 (TLC solvent n-butyl alcohol/water/acetic add. 25:6:3) were com- 
bined, eluents were removed, and the residue waa taken up in 3 n HCI 
and stirred for 60 min at room temperature. Solvents were removed by 
freeae drying, and the lyophilisate was subjected to preparative HPIX; 
system 6. Fractions with 9 were combing and trim dried. (76 mg 
(35%), colorless amorphous powder, HPLC ^^stem 6 37 min, system 
I tft 15.6 min, system 7 t^ 37.1 min, GiC (9 as its trifluoroacetylmeth- 
ylester derivative) t^ 20.31 min, elementary analysis showed that the 
material <Atained was the HEL 2 heptafluorobutyrate salt). EI(70 eV)- 
GC/MS, m/z 460 (M*-^2;14) 433(6) 395(6) 379(9) 346(12) 319(50) 
266(35) 180(59) 141(100) 69(50). High resolution mass spectrometry, 
m/z 492.0948 {U*"), calculated 492.0943 for C^ mh 
460.0636, calculated 460.0591 for C,« H^ F« N. 0^ m/z 266.0264, 
calculated 266.0266 for C^ He F*, N, O,. 

N«-(2-^dn»yl-i>«thyl) i9') and N*-(2-hydnHcy-l,2-ds-ethyl)ly8ine 
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(9^ were synthesised like nozilabeled 9 but with the use of Bodium 
cyanoborodeuteride i9*) or sodium cyandborodeuteride (Aldricfa) and 
glyozal (y), EI(70 eV)-GG/MS» ^ (txifluoTDacetyhnethylester deriva- 
tive), 461 (M^»-82:14) 434(6) 396(6) 380(8) 347(9) 820(69) 267(46) 
180(63) 142(100) 69(71). EK70 eVXSG/MS r (tzifluoraaeetyhnethyl. 
ester derivative), m/z 462 (M^'-32;n) 435(4) 397(6) 381(6) 348(10) 
321(48) 268(31) 180(47) 143(100) 69(61). 

Jtodiocctf t w Lobe2ed N'{l'Deoa^ructtis*l'yVpropylamne—ViiiA' 
beled gluooBa was added to 260 ^Ci of 1-C^*- and 6-C^*-labeled giuoose 
(Amersliain Corp.) to a4h>rt the spediic activity to 10.8 mCi/mmoL 
After oomplete removal of water, the residue waa taken up in 50 m1 of 
anhydrous methanol and 160 /il of a solution of 4.2 jud of propylamine/ 
100 id of meth a nol, and the adutiott was heated tor 46 xnin at 66 in 
a closed aystem. SohsntB were evaporated, 100 |il of a solution of 2.94 
mg of oxalic add-2H2O/10O fil of methanol were added, and the mixture 
was heated for 16 min at 65 '^C in a closed system. The methanol waa 
removed, 0.5 ml of 1 N NaOH were added, and the solution was ex- 
tracted 6 times with methylenechloride. After neutralization with 1 n 
HCl, the aqueous layer was freeze dried, and the ^yophiliaate was taken 
up in 400 td of water and applied to column chromatography (Dowex 
50W-X4-400, Aldrich, 3 cm height in Pasteur pipette). To remove 
unreacted ghicose, the column was first washed with 6 ml of water, the 
Amadori product was then ehited with OJZ n pyridine formate, 6Ji, 
and proper fractions were combined (control by TLC (ehient n4mtyl 
alcoholA^ater/aoetic add. 25:6:3, Hp 0.16) and radioaotivity TLC scan- 
ner (Berthold» (Sennany)) and freeze dried. 

^•/•Boc-N*-(l-deaQ^cto8-l-yl)lysine and iV*-^*Boc-/V<l-deoxy- 
ribulos-l-yDlysine were synthesized mainly according to Ref. 22. N-{1* 
Deoxyfructos-l*yl)pn>pylamine and 3-amino*l,2,4-triasine (GC 8.40 
min (triaxine as its trimethyisilyl derivative)) according to Refs. 23 and 
24, respectively. 



Incubations 

All incubations were conducted at 37 ^'C in a sha)cer incubator after 
sterile filtration (0.2-fiin filter, (Selman Science, Ann Arbor, MI), fol- 
lowed by reduction prior to hydralyais. Deaerated conditions were 
achieved by the presence of 1 mM phytic acid (Sigma), 1 mM diethylene- 
triaminepentaacetic add (Sgma), and gassing ibr 3 min with arffon. 
Fhosphate-buffared saline (pH 7.4, unless otherwise indicated) was 
used in aB ^lyoxal/j^ycolaldefayde experiments; in all other cases, 0.2 m 
phosphate bufllBr, pH 7.4, was used. Samples were reduced for 1 h at 
room temperature in the presence of a 1.26-fold (glyoxal/glycolaldehyde) 
and a 6.8-fold (all other) molar excess of sodium borohydride to the 
caxbonyl compounds used. In protein incubations, BSA (Sigma) coxieen- 
tration was 0.1 mM. Aiter reduction, the protein was predpitated and 
washed twice with trtcfaloroaoetic add (Sigma) (10. 6, and 6%). The 
resohing predpitate waa dried and au t ^j ec te d to add hydrolyaia (6 N 
HCl) for 20 h at 110 under argoa For incubations with radioactive 
labded sugars (spedfic activilgr, 10.8 md/mmol) conoentratioiis of 77.3 
fi(^i/500 fil were used. 

AnakfUetd Proeedwrea 

Imines 5 and 7 were monitored aa their common reduction product 6. 
For HFLC analysis, hydrolysates were evaporated in a Savant Speed- 
Vac concentrator (Hicksville, NY) and taken up in water. 9 was deter- 
mined with HPLC system 7 after material had been collected from 
HFLC system 1 (1^ 13.6-18.0 min) without posteolumn derivatization. 
CML from incubations with radioactive labeled sugars waa first col- 
lected fipom WiC system i without posteolumn detection {t^ 6-11.5 
min) and then quantified on HPLC fliystem 2 by counting the radioac- 
tivity of proper iractiona (LS6000, Beckman, Fullerton, CA) or posteol- 
umn derivatization. 
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Fro. 2. A, effect of glyoxal concentration on the fbrmation of C-2-iniin8 
5 in BSA. incubations. B, time-dependent formation of C-2-immes 5 and 
7 in BSA incubations with 20 mM glyoxal (•) and 20 mM glycolaldehyde 
(▼). B. inset, formation of polymers during incubation of RNase with 20 
mM glyoxal m K 7/170 h), 200 mM glyoxal (6/6 h. 5/170 h), and 20 mM 
^ycoialdehyde (4/a h, ^/170 h), monitored by SDS-poIyaciylamide gel 
electrophoresis. Lane 1 ahows low molecular mass standard (14.4-97.4 
kDaX and lane 2 shows control incubation (170 h) without caxbonyl 
compounds added. 

For GCVMS analysis of amino adds, proper fractions were collected 
from HPIX3 without postcolumn derivatization (HPIX3 system 5 for 6, 
liPLC system 6 for CML and 9, 9^, solvents were removed to 
absolute dryness, and material obtained was derivatized as trifluoro- 
acetylmethyleater derivatives. First, up to 10 mg of material was dis* 
solved in 1 ml of 0.1 u thlonylchloride (Flu^) solution in anhydrous 
methanol azul heated Cor 1 h at 110 H!!. Solvents were evaporated to 
absolute diTneas. The reaidue was taken op in 300 fil of pyridine and 
100 of trifittoroacetic anhydride (Aldrich), and the reaction mixtare 
was heated for 10 nun at 66 H}, After complete removal of solvents^ the 
residue was dissolved in eUiyl acetate and passed over a short silica gel 
column (eluent ethyl acetate). Proper fractiona were conibitted and 
sut^eetedtoOC/MS. 



Table 2 

C'2-imuiefCML fi>nned in variom augar-BSA incubations 



Concentration 



C-^jraine 



CML 



6h 



D-Glueose 

D-Kbose 

irllireose 

Glyceraldehyde 

Aacortueacid 

Gltyoxal 

Glycolaldehyde 



200 
200 
200 
200 
200 
20 
20 



170 h 5h mh 

mmol/mot lysUu 
0-3 



0.09 
0.21 
0.41 
0.10 
2.89 
0.85 



0.15 
0.66 
0.79 
0.32 
0.09 
0.44 



. 1.4 
3.9 

11.8 
0.9 
8.2 
3.8 



1.4 
103.7 
16.8 
44.9 
42.1 
40.4 
29J2 



3-Amino-l,2,4'triazine was extracted fixmi incubations containing 
aminoguanidine with ethyl acetate. Solvents were evaporated after 
drying the combined organic layers over anhydrous sodium suliate. The 
r^idue was derivatized using a 1:1 (v/v) ratio of pyridine and N.O- 
bistrimethyl silylacetamide fPhika), and the reaction mUtore was an- 
alyzed with 0G/M8. 

Amadori product ooncentration in incubations with AT^-i-Boc-lysine 
was determined prior to acid hydrolysis after reduction aiul removal of 
the protecting groups by 3 N HCl as iV*'(g^ucltolyl)]ysine. Solvents were 
removed in a Savant Speed*Vac concentrator, and tiie residue was 
taken up in water and subjected to HPLC system 2. 

SDS'Polyacrylojnide Gel Electrophoresis 

For estimation of the extent of cross-linking mediated by s^yoxal/ 
glycolaldehyde at various time points, RKese (0.5 mM, Sigma) incuba- 
tions were reduced, dialyzed overnight at 4 ^ against phosphate-buH*- 
ared saline^ pH 7.4, and analyzed by SDS*gel electrophoresis on a 12% 
aciylamide gel. The antoonts of BNase loaded onto the gel was 20 ftg in 
each lane. The gel was stained with Coomassie Blue for t h and 
destauMd in a mixture of 40% methanol and 10% acetic add in water. 

RESULTS 

Because of the instability of the C-2-iinines 5 and 7 (Fig. 1) 
during add hydrolysis, their comnion reduced form 6, 2,16- 
dianiino-740-diaza-hexadecane-l.lB-dioic acid, was synthe- 
sized from iV^'-e-Boc-lysine and 2.3-dihydroxy-1^4-dioxane and 
purified by preparative HPVO. The structure was xmequivocally 
established from its spectroscopical data as described under 
perimental Procedures." To optimize conditions, the synthesis of 
the hexylamine derivative of 6 was studied first. Beat conditions 
were obtained using 2,3-dihydroxy-l,4-dioxane as a water-free 
glyoxal substitute (25), strong alkaline reaction conditions, and 
subsequent reduction with sodium borohydride rather than the 
use of commercially available glyoxal/wat^ solutions under 
neutral conditions in the presence of sodium cyanoborohydride. 
Product formation was assessed by coupled GrC/MS. 

Structure 6 was found to be stable under the conditions used 
for acid hydrolysis of proteins. To confirm the nature of 6 in 
hydrolysates, two different HPLC systems with o-phthaldial- 
defayde-postcoluxnn derivatization and fluorescence detection 
were developed, and the absence of the conresponding peak in 
nonreduoed samples was confirmed throui^out all investiga- 
tions. Additionally, in selected cases, the material was ooUecteil 
by HPLC, derivatized, and applied to GG/MS. 

in BSA incubations, the formation of diimine 5 monitored 
after reduction to 6 was dependent on the glyoxal concentration 
and began to level off above 10-20 mM (Pig. 2A}. We chose 20 
mM to investigate cross-link structures 5 and 7 in BSA incu- 
bated with glyoxal or glycolaldehyde, respectively. Time course 
experiments ranging from 5 min to 170 h showed that the 
formation quickly reached a maximum at about 0.5 h followed 
by degradation (Pig. 2B). Remarkably, in the case of glycolal- 
dehyde, the initial peak was much smaller, but the steady level 
reached later was higher than witii glyoxal. These findings 
were correlated with the rate of cross-linking using SDS-poly- 
acrylamide gel electrophoresis after dialysis of the reduced and 
unreduced reaction mixtures (fig. 2B, inset). Reduced and un- 
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Fig. 3. Identificatioii of C-a-imines 5 and 7 as their reduction product 6 in BSA ineubatiotts with 20 mM glyoxal CB)» 20 nut 
glycolaldehyde (O and 200 sum ribose {Ph MasB spectra obtained after derivatization are identical to the one of syatheedzed authentic amino 
addfflA). 



reduced samples showed no visible difference (data not shown). 
Cross-Unking increased with time. With glyoxal, the trimer 
became faintly visible at 20 mM, and more intramolecular mod- 
ifications could be observed in contrast to (^ycolaldehyde that 
had significant intermolecular reactions. 

C-2-imine8 S/7 were also detected in other sugar^BSA incu- 
bations (Table I). The rate of formation was time-dependent 
and roughly followed the reactivity of the sugar. Glucose pro- 
tein miztureB showed no cross-link formation under the same 
conditions (detection limit of this experiment, 0.1 mmol/mol of 



lysine). In a detailed time course experiment, the cross-links 
formed progressively during incubation with libose until a 
peak was reached at about 120 h with 0.28 mmol^ol of lysine 
followed by degradation. Retention times and mass spectra of 
derivatized collected HPLC material from glyoxal/c^ycolalde- 
hyde/ribose incubation mixtures were identical to the data of 
the synthesized authentic product 6 (Fig. 3). 

l%e data presented so far suggested .that a significant 
amount of 5 and 7 was Airther degraded into one or several 
more stable products. One known product, whidi contains a 
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Fio. 4. Time-dependent l6nnatlon of CML in BSA incubations 
with (•) 20 niH glyoxal and (▼) 20 mil glyeolaldohyde. FuU eym- 
bols indicate aerated oonditioiui; cpen Bymhoh indieate deaerated oon- 
ditione* Inatt shows same experimiBnt up to 6 h. 

C-2 fragment of the original sugar, is CML. Incubations of BSA 
with both ^yoxal and glycolaldehyde revealed indeed large 
quantities of CML formed (Fig. 4). The identity of CML de- 
tected by HPLC was confirmed after collection and derivatiza- 
tion by GC/MS (Fig. 5). For comparison, avithentic CML was 
synthesized. Deaerated conditions and presence of transition 
metal ion chelator altered the rate of formation from both 
carboi^l compotinds. 

However, the role of oxidation in CML formation firom 
glyoxal and glycolaldelqrde is complex since the initial forma- 
tion rate of CML from glyoxal is not dependent on oxygen, 
whereas it is totally suppressed under anaerobic conditions for 
^ycolaldehyde (Fig. 4, inset). This suggests that CBIL forma- 
tion from glyoxal can occur throu^ an intramolecular Canni^ 
zaro reaction without oxidation (Fig. 6, intermediate B), In 
support of this possibility. pH studies showed that CML syn- 
thesis from i^yinml was favored alkaline conditions, pH 9, 
but totally suppressed at pH 6 (data not shown). 

Whereas oxidation of Amadori-rearranged glycolaldehyde 
adduct 3 (Fig. 6) is a necessaty step for initial CML formation, 
the finding that CML formation during long term incubation of 
BSA with glycolaldehyde progresses in spite of deaerated con- 
ditions suggests a possible intermolecular CanniEzaro reaction 
of aldoamine 3 into add CML and alcohol ^•(2-hydrozyethyl)- 
Isrsine 9. In order to clarify the significance of this pathway, 
authentic 9 was synthesized and detected in high levels upon 
trapping the Schiff base 2 with sodium cyanoborohydride. On 
the other hand, only small levels were recovered without re- 
ducing reagent (i.e. 4.5 compared with 29.2 mmol/mol of lysine 
of CML at 170 h). Since even lower levels were detected under 
deaerated conditions (2.0 mmol/mol of lysine), intermolecular 
Cannizzaro reaction is excluded as a significant source of CML 
from glycolaldehyde. 

Additional experiments with 5 mM aminoguanidine as a 
trapping reagent specific for a-dicarix>nyl compounds (24) 
showed that whereas only 1.16% (aeration) and 0.95% (deaera- 
tion) of glycolaldehyde was transformed into glyoxal, as meas- 
ured as Iqr the corresponding triazine, as much as 37% CML 
formation was suppressed. The formation of an aromatic ring 



stiiicture represents such gain of stability that not only free 
^yoxal will react, but hidden glyoxal in Schiff bases like 8 or 
aminalfl (26) wiU also react. Thus, detection of the glyoxal- 
triazine and significant inhibition of CML formation suggests 
glyoxal or glyoxal derivatives 8 as meoor intermediates for 
CML synthesis in glycolaldehyde incubations. 

The data so far implicate unequivocally glyoxal and glycol- 
aldehyde in CML formation and raise llie question of the mech- 
anisms by which CML forms from hi^er sugars, as demon- 
strated in Table I and by others (19, 27). In our own 
experiments (Table D> CML formation rates in BSA incuba- 
tions generaUy followed the anomerization rates of the sugar 
except for D-ribose, which was a potent generator of CML. 

The key question concerning CML synthesis from hi^ier 
sugars is whether formation rates are primarily dependent on 
sugar autoxidation or SchifTbase fragmentation as proposed by 
Wolff (28) and Namiki (10), respectively, or whether the msuor 
source stems from oxidative breakdown of the Amadori product 
of the sugar (19). Clarifrcation of this question is problematic 
since all molecules are simultaneously present in sugar-amine 
incubation systems. 

As previously reported (18), CML formation fh^m glucose and 
iV°-i-Boc-lysine was strongly dependent on presence of oxygen 
and free metals (Fig. 7). Aminoguanidine and boric add were 
used as tools to dissect the relative importance of Amadori 
product versus glucose as a precursor of CML in incubations 
with JV*-<-Boc-lysine. Only ixdien the reaction was started from 
glucose itself did aminoguanidine have an important impact, as 
evidenced by almost 60% reduction in CML formation. In pres- 
ence of Amadori product, incubations with aminoguanidine 
showed almost no effect up to 100 h, although the absolute 
amount of inhibition after 170 h was larger compared with 
glucose experiments. Formation of the triazine derived from 
glyoxal and aminoguanidine measured by GC/MS was strictiy 
dependent on oxidation (Table II). After 170 h, the Amadori 
product produced about 4 times more glyoxal than the sugar. In 
addition, 7-fold catalytic effect of iV^'-t-Boc-lysine on glyoxal 
formation as the amine component in glucose systems is evi- 
dent. In contrast to aminoguanidine, 10 times excess boric acid 
completely inhibit CML formation from the Amadori com- 
pound, but only by about 37% when the reaction was. initiated 
by glucose. This suggests an additional mechanism, which is 
not dependent on the Amadori product Indeed, whereas in 
presence of Amadori product, only as much as 40% degradation 
within 170 h yielded 2.8 mmol of fl^yoxal triazine^l of lysine 
(Table II), only 0.7% Amadori product were actually detected in 
the glucose/ZV*-^-Boc-tyaine system after the same time (100% 
refers to the initia] Amadori concentration in Amadori product 
only incubations). 

Two different approaches were utilized to establish the for- 
mation of glyoxal and glycolaldehyde in incubations of higher 
sugars without the use of trapping reagent First, the forma- 
tion of iV*-(2-hydroxyethyl)lysine 9 in reduced incubations of 
glucose and ribose was coidirmed reaching concentrations of 
0.1 and 7.5 mmol/mol of lysine, respectively, after 170 h. In the 
case of ribose, the nature of the original C-2 carbonyl interme- 
diates could be elucidated by reducing with sodium borodeu- 
terate. Isotopic distribution of characteristic fragments in the 
mass spectrum, as 461 for JV"-(2-hydroxy-l-</-ethyl)ly8ine 9' 
and 462 for ^-(2-hydroxy-l, 2-dj2-ethyl)lysine 9'\ revealed a 
ratio of 4:6 of 9' to 9* through comparison with the spectra of 
authentic synthesized compounds 9, 9', and &*. Signals at 461 
and 462 represent loss of methanol, which is a common fragmen- 
tation pattern for methylesters. Second, in incubations of the 
Amadori product (0.5 mM) of glucose and propylamine vdth AT^- 
^Boc-lysine (42 mM), the formation of CML was confirmed and 
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Fic. 5. Identification of CBfL formed in BSA inenbatlons witii 20 mM glyoza] (B) and 20 mM glycolaldelqrde (O by GG/M8. Bfaas spectra 
obtained after derivatization are identical to the one of authentic CML (A). 



found to increase with time (0.47 nxmol^ool of lysine at 170 h). 

Investigationa into the origin of carbon atoms involved in 
CML formation utilizing C*l and C-6 radiolabeled sugars re- 
vealed surprising findings. By comparison of CML measured by 
HPLC using radioactivity with total CML using pcstcolumn 
derivatization 74% (6 daysV68% (10 days) of CML was attrib- 
uted to the C-1 and 29%/31% to the C-6 portion of N-(l-deoxy- 
fructos-l-yl)propylamine. Starting the incubation with glucose 
only 38% (5 daysV32% (10 days) for the C-1 and 22%/36% for 
the C-6 region were recovered, suggesting therelqr that about 
30% of CML is stemming from the C-2-C-6 region of the orig- 
inal carbon backbone. 

DISCUSSION 

The purpose of this study was to clarify the mechanism of 
formation of structures incorporating a 6-2 fragment of the 
original sugar during the Maillard reaction of reducing sugars 
and proteins in tfivo. Clarification of this question is important 
because the m^jor advanced Maillard product found in vioo so 
far is CML. Its levels increase with age in human skin (29) and 
in the presence of diabetes, and the levels can be correlated 
with severity of diabetic complications (30). In addition, CML 
was detected in human lens, where it is thought to originate from 
asooibate (4, 27). Ptevious mechanistic studies by Dunn et ai (19) 



suggested that CML forms fiwn the Amadori product of ^ucose 
or threose throu^ metal^catalyzed oxidative fragmentation. 

The data in this study show unequivocally that» under phys- 
iological conditions at 37 °C and pH 7.4, glyoxal and glycolal- 
dehyde are immediate precursors in the formation of CML and 
that they are involved in formation of C-2-imine cross-link 5,7 
(Fig. 1) and other more important, but yet unknown, struc- 
tures. Formation of CML and 5/7 during Maillard reaction from 
higher sugars like glucose is much more complex because all 
three potential sources, i,e. the free sugar, the Schiff base 
adduct, and the Amadori product, are present together as soon 
as the reaction proceeds. Additionally, our findings raise ques- 
tions of the importance of fi^yoxal and glycolaldehyde in the 
reaction pathways leading to CML and cross-linking. 

When the reaction was initiated irom the Amadori product of 
glucose, vezy large quantities of CML were formed that were 
almost totally stalled by deaerated conditions (Fig. IB), The 
fact, that aminoguanidine had no suppressive effect until 100 h 
Btnmgly fovors a mechanism involving direct oxidative cleav- 
age of the Amadori product In contrast, when starting the 
reaction from glucose in the presence of AT'-t-Boc-lysine, 50% 
inhibition of CML formation by aminoguanidine indicates ap- 
proximately a 50% participation of the C-2 intermediates glyox- 
al/glycolaldehyde and 50% of CML originating from the Ama- 
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for formation of CML from 



dori product via oxidative cleavage, which is not influenced by 
aminoguanidine. 

The key question therefore is what is the nuQor source of 
glyoxal/glycoladehyde production leading to CML. Fig. 7fi 
shows at 170 h that only 15% of total CML formation firom the 
Amadori product can be attributed to C-2 intermediates. In- 
deed, the amount of glyozal-triazine generated in the presence 
of 42 mM Amadori product was only 2.8 mmolAnol of initial 
sugar concentration. Thus, less than 0.3% of the original Ama- 
dori product was transformed into glyoxal (Table II). As the 
Amadori product concentration in a glucose/2V°-<>BoC'lysine 
system reaches only 0.7% of 42 mM, this source contributes only 
minor quantities CML by C-2 intermediates. Based on Fig. 7B, 
it can be estimated at approximately 7%. This leaves 43% of 
total CML originating from other sources via glyoxal/glyool- 
aldehyde (Fig. 8). 

Utilizing the data on d-amino-l,2,4'triazine formation, glu- 
cose autoxidation, as proposed by Wolff et oL (28), can be 
excluded as a significant source of ^yoxal generation (Table II). 
We recovered small quantities of the triazine from glucose 
incubated in absence of amine. However, about 7 times higher 
levels were formed when the identical experiment was carried 
out in the presence of iV°-^Boc•lysine. 

Thus, in an incubation S3rstem starting from glucose in the 
presence of amines, the mc^or pathway leading to glyoxal is not 
autoxidation of glucose or degradation of the Amadori product 
but degradation of an amine-assisted oxidative step prior to 
formation of the Amadori product, presumably the Schiffbase 
adduct(Fig. 8). 

Incubations conducted in the presence of boric add support 
the findings with aminoguanidine. Boric add forms a stable 
chelating complex with the coplanar ds diol groups of the 
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Fig. 7. Time dependent formation of CBIL in Ineubations of CA) 
glucose (42.2 mM) and iNT-^-Boc-lysine {423 nm) (B) Amadori 
product of ghicose and iV**-f-Boo-l3r8ine. Incubations were con- 
ducted under (▼) aerated, aerated in presence of aminoguanidine (5 mu, 
•), and in the presence of boric add (420 mM, and (■) deaerated 



Tablb n 

3'Amino-J,2,4-triazine formed (rfUr 170 h in varioua sugar /amine' 
incubationa (all 42^ mM) in the presence of 6 mM aminoguanidine 



Sugar 


Tria 

Aerated 


Riia 

Deaerated 




mmallmol iaitioA tui 


far concentration 


Glucose 


0.11 


0 


Gluoose^-Boc-lysine 


0.73 


0.01 


Amadori product 


2.80 


0.02 



furanoic structure of l-deoxyfructos-l-yl*amines (31) and thus 
totally blocks CML formation from Amadori products via oxi- 
dative cleavage and glyoxal/glycolaldehyde (Fig. IB). Based on 
the experiments with aminoguanidine, this should result in a 
decrease of 57% CML synthesis in glucoseamine systems. The 
actual decrease of 37% was found to be smaller and is probably 
due to accelerated CML synthesis linked to increased salt 
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CalculaUd CML and glyoxal formation after 270 h of incubation 
mimicking acvert diabetic conditions, baaed on resuUa presented 
in Table a and Fig. 7 
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Fio. 8. Fonnatioxi of CML tram various sugars during the Mail* 
lard reactioii. Contribution of oxidative cleavage vereue glyoxal is 
calculated on data in Fig. 7. 

concentrations (18). 

Since aminoguanidine itself is an amine compound» it could 
compete with the target amine of the system used and contrib- 
ute to the generation of reactive intermediates. The possibility 
of generating glyoxal/glycolaldehyde solely by this reaction 
pathway was discounted based on the detection of CML in 
incubations of the Amadori product of propylamine and glucose 
withiV"-i-Boc-ly8ine. The Amadori product will primarily form 
carbo3^methylated propylamine via oxidative cleavage and 
glyoxal generation, but part of the glyoxal will also react with 
lysine to give carboxymethylated lysine or CML (Fig. 8). 

Other independent evidence for glyoxal and glycolaldehyde 
generation firom higher sugars was gained from the abundance 
of imine-intermediates 2 and 3 as glycolaldehyde and 8 as 
glyoxal derivatives (Figs. 1 and 6) in incubation mixtures with 
proteins. After reduction, 9 as their common product was de- 
tected in incubations with glucose and in much higher levels 
also with ribose. Use of a deuterated reduction reagent made it 
possible to distinguish between the ^-(2-hydrQ!xy-l-d-6thyl)- 
lysine 9* for reduced 2 and 3 and iV*-(2-hydrDxy-l, 2^2-ethyl)- 
lysine 9* for reduced 8 in ribose incubations. This experiment 
unequivocal^ proves the existence of glycolaldefayde and 
glyoxal as their imine derivatives in incubations under physi- 
ological conditions and Uierefore emphasizes their role as po- 
tent contributors of CML formation from higher sugars. 

Based on these considerations, and the finding that Amadori 
products are present in significant concentrations in tissues, 
the source of CML formation in vivo is expected to follow the 
sequence of precursor reactivity: Amadori product (via oxida- 
tive cleavage) > Schiffbase adduct (via ^yoxal/glycolaldehyde) 
»> glucose (via autoxidation). Indeed, when using the data of 
CML and glyoxal-triazine formation to calculate the contribu- 
tion for CML formation under severe diabetic conditions, t.e. 30 
niM glucose and 2 mM Amadori product (32), most would orig- 
inate from the Amadori product via oxidative cleavage, but 
glyoxal from Amadori product and glucose-amine interaction 
would also account for 17% (Table IID. 

The fiact that addition of a heterologous Amadori product to 
iV^-^Boc-lyBine induced CML formation led to investigations 
about the origin of the C*2 fragments with radiolabeled sugars. 
Incubating glucose with protein, about 30% of total CML incor- 
porate the C-1 and about 30% incorporate the C-6 region, 
representing a C-2-C-3 and C-4-C-5 split of the sugar back- 
bone. This indicates that significant amounts of C-2 fragments 
originate in between C*l and C-6 and are therefore not ac- 
counted for by radioactivity. About 70% originate frt)m the C-1 
and about 30% from the C-6 part, when CML was induced by 
labeled Amadori product of glucose and propylamine. In this 
case, only glyoxal/glycolaldehyde transfer to ike e-amino lysine 
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0.77 
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3.00 


0.13 


IMal 


3.77 


0.65 



residues can generate CML. Thus, other reaction pathways in 
addition to the one proposed by Namiki contribute to CML 
formation. These may not be in contradiction with the impor- 
tance of the Schiffbase as a m^jor contributor to C-2 fragmen- 
tation as evidenced above, because activation of the sugar by 
the imine bond may result in enolization through the whole 
molecule and facilitated fragmentation in multiple sites (2). 

Hayashi et al. (10) reported the formation of glyoxalalkyldi- 
imines in heated reaction systems. The data shown in this 
paper establish the formation of analogue lysine derivative 
diimine 5 and also imine 7 (Fig. 1) under physiological condi- 
tions. Both structures could be detected in protein incubations 
with their immediate precursors glyoxal and glycolaldehyde, as 
well as from various sugars. Although the C-2-imine cross-links 
are formed in vitro, they axe not stable and, as such, of minor 
importance as permanent cross-linkB. For this reason, no at^ 
tempt was made to distinguish between 5 and 7. The ooncen- 
trations formed were veiy small compared with other modifi- 
cations like CML and were strictly dependent on the amount of 
glyoxal and glycolaldehyde present in the system. Since the 
expected steady-state levels of both carbonyl compounds 
formed in living systems are extremely low, and neither 5 nor 
7 accumulate, this cross-link may therefore be present only in 
trace amounts in vivo and not contribute to protein cross- 
linking during aging or diabetes. Thus, it is not surprising that 
preliminary analysis of human skin and aorta tissue and se- 
rum samples showed no evidence for the formation of 5 and 7. 

In summary, the generation of glyoxal and glycolaldehyde 
from higher sugars under physiological conditions and the tight 
relationship between these carbonyl compounds and CML for- 
mation became apparent in this study. In addition the in vitro 
data of protein cross-linking by us and others (33) provide new 
insights in the possible nature and mechanisms of sugar-me- 
diated protein modification in vivo. Mechanistic studies in vivo 
are now necessary to probe the significance of the proposed 
pathway for CML formation and cross-linking. It is conceivable 
that some answers may come firom in vivo determination of the 
type of triazines formed during the aminoguanidine therapy 
(34). 
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Abstract 

Several studies have shown that erythropoietin (EPO) can protect the kidneys from ischemia-reperfusion injury and can raise the 
hemoglobin (Hb) concentration. Recently, the EPO molecule modified by carbamylation (CEPO) has been identified and was demon- 
strated to be able to protect several organs without increasing the Hb concentration. We hypothesized that treatment with CEPO would 
protect the kidneys from tubular apoptosis and inhibit subsequent tubulointerstitial injury without erythropoiesis. The therapeutic effect 
of CEPO was evaluated using a rat ischemia-reperfusion injury model. Saline-treated kidneys exhibited increased tubular apoptosis with 
interstitial expression of a-smooth muscle actin (a-SMA), while EPO treatment inhibited tubular apoptosis and a-SMA expression to 
some extent. On the other hand, CEPO-treated kidneys showed minimal tubular apoptosis with limited expression of a-SMA. Moreover, 
CEPO significantly promoted tubular epithelial cell proliferation without erythropoiesis. In conclusion, we identified a new therapeutic 
approach using CEPO to protect kidneys from ischemia-reperfusion injury. 
© 2006 Elsevier Inc. All rights reserved. 

Keywords: Apoptosis; Carbamylated erythropoietin; Ischemia-reperfusion injury; Kidney; CeU proliferation 



Renal ischemia-reperfusion (I/R) injury, which is 
tinavoidable in renal transplantation and is frequently 
associated with shock or surgery, is a major cause of acute 
renal failure [1]. Despite decades of laboratory and clinical 
investigations and the advent of renal replacement therapy, 
the overall mortality rate due to acute tubular necrosis has 
changed little. Recently, a broader concept of erythropoie- 
tin (EPO) as a tissue-protective molecule has emerged. 
EPO has been found to protect the brain and the spinal 
cord from ischemic injury [2,3], the peripheral nerve from 
diabetic damage [4,5], the kidney from ischemic [6,7] or 
toxic insults [8], and the heart from acute I/R injury [9,10]. 

The initial understanding of the biology of EPO-medi- 
ated tissue protection largely developed from the study of 
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the nervous system, which is susceptible to ischemic injury 
due to its high basal metabolic rate. The findings derived 
from the nervous system studies are applicable to the 
kidney. The normal kidney, like the nervous system, is 
characterized by regions in which energy substrates are 
limited. Commonly, chronic renal hypoxia with subsequent 
tubulointerstitial injury leads to end-stage renal failure [11]. 
In contrast, early treatment with EPO slows the progres- 
sion of renal failure [12]. 

In the kidney, a potential role for the non-hematopoietic 
activities of EPO was first suggested by the identification of 
the EPO receptor (EPO-R) protein that is expressed 
throughout the kidney, including both proximal and distal 
tubular cells [13]. However, the affinity of these receptors 
(~1 nM) is well below the normal plasma EPO concentra- 
tion (1-10 pM). Therefore, EPO's cytoprotective effect may 
require higher doses than those used to treat anemia. 
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However, recent clinical trials have suggested that higher 
doses of EPO are likely to be associated with adverse effects 
[14], Furthermore, recent report demonstrated that high- 
hemoglobin level in chronic kidney disease was associated 
with increased risk and no incremental improvement in 
the quality of life [15]. 

Recently, a second receptor for EPO that mediates 
EPO's tissue protection has been identified as consisting 
of the EPO-R and the p-common (CD131) receptor (Cp- 
R). The EPO modified by carbamylation [carbamylated 
EPO (CEPO)] is reported to signal only through this recep- 
tor and not through the homodimeric EPO-R [16]. It has 
been shown that CEPO does not stimulate erythropoiesis, 
but that it prevents tissue injury in spinal cord neurons 
[16,17] and cardiomyocytes [18,19]. In this study, we exam- 
ined whether treatment with CEPO could protect the 
kidney from tubular apoptosis that occurs after ischemia- 
reperfusion mjury and, thereby, inhibit subsequent tubulo- 
interstitial fibrosis. 

Materials ai^ methods 

Experimental design. Forty-two male Sprague-Dawley rats weighing 
220-280 g were purchased from Japan SLC Inc. (Shizuoka, Japan) and 
were maintained under standard conditions until the experiments were 
done. All studies were performed in accordance with the prindples of the 
Guideline on Animal Experimentation of Osaka University. The rats were 
randomly allocated into three groups: (1) the saline-treatment group 
(control group; «=15); (2) the EPO-treatment group (EPO group; 
/I = 15); and (3) the CEPO-treatment group (CEPO group; n = 12). Prior 
to l/K injury, control, EPO, and CEPO group rats received subcutaneous 
injections of 1 ml of saline. 100 lU/kg recombinant himian EPO (Kirin 
Corp., Tokyo, Japan), and 100 lU/kg CEPO [16] every 2 days for 2 weeks 
(a total of six injections), respectively, because prc-trcatment with EPO is 
clinically established in kidney transplantation. One day after the last 
injections, the rats were subjected to renal I/R injury. All rats were 
anesthetized with an intraperitoneal injection of sodium thiopentone 
(30 mg/kg). The animals were allowed to stabilize for 30 min (min) before 
they were subjected to 45 min of bilateral renal occlusion using artery clips 
to clamp the renal pedicles. Occlusion was confirmed visually by a change 
in the color of the kidneys to a paler shade. Reperfusion was initiated with 
the removal of the artery clips and was confirmed visually by noting a 
blush. The rats were sacrilic«i 24 hour (h), 72 h, and 1 week (wk) after 
reperfusion. Before the ischemic period and 24 h after reperfusion, 1 ml 
blood samples were collected from the anesthetized rats via their tail veins 
to measure hemoglobin and serum creatinine levels. 

Antibodies. To identify myofibroblasts, we used anti-human a-smooth 
muscle acUn (a-SMA) antibody (EPOS System: Dako, Hamburg, Ger- 
many). To detect the pathways that protect the kidneys, we used the 
following antibodies for immunochemical testing: polyclonal Ki-67 
antibody (1:200, Abeam, (Cambridge, UK), monodonal phosphatidylin- 
ositol-3 kinase (PI3K) p85a antibody (1:1000, Santa Cruz), polyclonal 
phospho-Akt (Ser473) antibody (1:1000, Cell Signaling Technology, 
Beverly, MA), polyclonal Akt antibody (1:1000, Cell Signaling), and 
polyclonal Ets-1 antibody (1:1000, Santa Cruz). We normalized protein 
levels with polyclonal ^-actin antibody (1:1000, Cell Signaling). 

Morphology and imrrmnohistochemical staining. Tissue samples were 
fixed in 4% (wt/vol) of buffered paraformaldehyde (PFA) for 16 h and 
then embedded in paraffin. Four micrometers of tissue sections were 
mounted on silane (2% 3-aminopropyltriethoxysilane)-coated slides (Muto 
Pure Chemicals, Tokyo, Japan) and deparaffinized with xylene. 

Immtmohistochemical staining was done using the Envision system 
(Dako), according to the manufacturer's instructions. Endogenous per- 
oxidase activities were blocked with 3% H2O2 for 10 min. The first anti* 



bodies were diluted in 1% bovine serum albumin (BSA) in phosphate- 
buffered saline (PBS) with 0.1% Tween 20 (PBS-T) at specific concentra- 
tions as described above, and then incubated for 24 h at 4 <*C. This was 
followed by incubation with suitable secondary antibodies. Antigen 
retrieval was perfoimed for 10 min in preheated 10 tDxaoUL sodium citrate 
(pH 7), using an autoclave. All incubations were performed in a humidi- 
fied chamber. Chromogenic color was developed with 3,3'diaminobenzi- 
dine tetrahydrochloride (DAB; Dako). Negative controls, omitting the 
first antibodies, were carefuOy examined for each reaction. The nuclei were 
counterstained with hematoxylin. All histological slides were examined by 
light microscopy using a Nikon Eclipse 80 / (Nikon, Tokyo, Japan); pic- 
tures were taken with the Nikon ACTT-l ver. 2.63. 

The a-SMA-positive area relative to the total area of the field was 
calculated as a percentage by a computer-aided manipulator. Glomeruli 
and large vessels were not included in the microscope fields for image 
analysis. The scores of 10 fields per kidney were averaged, and the mean 
scores for each group were then averaged For Ki-67 staining, the number 
of positive cell nuclei and the total numbers of cell nuclei stained with 
hematoxylin were counted m 10 random areas, and the percentages of the 
numbers of positive nuclei to the numbers of total cell nuclei were then 
compared. 

Terminal deoxynuckotidyltransferase-mediated dUTP nick end-labeling 
(TUNEL) staining. TUNEL staining was performed ming the in situ 
Apoptosis Detection Kit (Takara Bio, Otsu, Japan), according to the 
manufacturer's instruaions. Briefly, the sections were deparaffinized and 
treated with antigen retrieval in preheated 10 mmol/L sodiiun citrate (pH 
7), using a steamer for 40 min. They were then incubated with 3% H2O2 
for 10 min, which was followed by incubation with TdT enzyme solution 
for 90 min at 37 ^C. The reaction was terminated by incubation in a stop/ 
wash buffer for 30 min at 37 *C. The number of TUNEL-positivc cell 
nuclei and the total numbers of cell nuclei stained with hematoxylm were 
counted in 10 random areas, and the percentages of the numbers of 
TUNEL-positive nuclei to the munbers of total cell nuclei were then 
calculated. 

Western blot Analysis, Kidney tissue was homogenized in a radioim- 
munopredpitation (RIPA) Lysis Buffer with phenyhnethylsulfonylfluoride 
(PMSF) solution, sodium orthovanadate solution, and protease inhibitor 
(Santa Cruz). Homogenates were oentrifuged (12.00Qg for 10 min at 4 °C), 
and the supernatant total protein was measured by the Lowry protdn 
assay (Bio-Rad, Hercules, CA). Total protein lysate (1 5 |ig) containing 1:1 
denaturing sample buffer was boiled for 3 min and resolved on 5.0-10.0% 
SDS-polyacrylamide gels and dectrophoretically transferred onto an 
immobilon PVDF membrane (MiUipore, Bedford, MA). The filter was 
blocked with S% (wt/vol) nonfat milk or 1% BSA in 10 mM Tris-buffered 
saline with 0.1% Tween 20 (TBS-T), followed by overnight incubation at 
4'^C with diluted primary antibodies in TBS-T or blocking buffier. After 
washmg five tnnes in TBS-T, the filter was incubated with secondary 
antibody (1:1000) (Cell Signaling) in TBS-T for 45 min at room temper- 
ature and devdoped to detea specific protein bands using ECL reagents 
(Amersham Bioscience Corp., Piscataway, NJ). The band density was 
analyzed by NIH image software. 

Statistical analysis. Data are expressed as means ±SD. Statistical 
significance, defined as p < 0.01 or <O.0S, was evaluated using ANOVA. 



Results 

Effect on erythropoiesis and renal function 

When compared to saline-treated rats, EPO-treatment 
(lOOIU/kgx 3/wkx2wk) significantly increased Hb con- 
centration (saline, 13.5 ± 0.9 g/dl vs. EPO, 14.9 ± 1.0 g/ 
dl; p < 0.01). On the other hand, CEPO-treatment neither 
enhanced nor reduced Hb concentration (13.1 ±0.2 g/dl; 
p = 0.73), suggesting that CEPO, unlike EPO, does not 
stimulate erythropoiesis. Salme-treated rats demonstrated 
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the increment of serum creatinine (1 .54 ± 0.68 mg/dl) 24 h 
after I/R injury, and EPO-treatment showed the tendency 
to suppress the increase of creatinine (1.2S± 0.80 mg/dl; 
p = 0.096 vs. saline group), while CEPO-treatment signifi- 
cantly suppressed (0.53 db 0.20 mg/dl; p < 0.05 vs. saline 
group). 

Effects on tubular apoptosis and proliferation in the IIR 
injury kidney 

To elucidate the protective mechanisms by which EPO 
or CEPO administration ameliorated tubular injury, we 
did TUNEL immunostaining to quantify the number of 
apoptotic cells. In the saline-treated I/R injury model rats, 
TUNEL-positive, apoptotic cells increased among the 
tubular epithelial cells at 24 h (TUNEL-positive cell num- 
ber per field, 64.3 db 10.8) (Fig. la), while TUNEL-positive. 
apoptotic cells were significantly decreased by EPO-treat- 
ment (5.28 db 1.16) (Fig. lb). Moreover, CEPO-treatment 
decreased the number of apoptotic cells (2.14 ± 0.23) sig- 
nificantly more than EPO-treatment, suggesting that 
CEPO has a greater anti-apoptotic role than EPO 
(Fig. Ic and d). 

Ki-67 antigen is a large nuclear protein that is preferen- 
tially expressed during the active phase of the cell cycle (Gi, 
S, G2, and M phases), but is absent in resting cells (Gq). To 
assess the regeneration of tubular epithelial cells, cortical 
Ki-67-positive tubular cells were counted at 400x magnifi- 
cation m a minimum of 10 fields. There were few Ki-67- 
positive cells in saline-treated kidneys (2.2 ±0.64% of 



tubular cells at 24 h and 2.6 ± 0.48% at 1 wk) (Fig, 2a 
and d). On the other hand, there were significantly more 
Ki-67 ceUs in EPO-treated rats at 24 h (16 ± 2.7% of tubu- 
lar cells at 24 h and 4.0 ± 1.2% at 1 wk; p < 0.01 vs. saline- 
treatment at 24 h) (Fig. 2b and e). CEPO-treatment further 
increased the Ki-67-positive cells (63 ± 13% of tubular cells 
at 24 h and 23 ± 6.5% at 1 wk; < 0.01 vs. saline or EPO- 
treatment) (Fig. 2c and f). This suggests that CEPO is more 
likely to have a greater regenerative eflfect on tubular epi- 
thelial cells than EPO. 

Effect on cell signaling and Ets-I expression 

To elucidate the mtracellular erythropoietin signaling 
impUcated in tubular protection, we examined the expres- 
sion of PI3K and the activation of Akt (Fig. 3a-c). Western 
blot analysis demonstrated that treatment with EPO-signif- 
icantly increased PI3K at 1 wk (p < 0.05 vs. saline group), 
but not at 24 h. However, treatment with CEPO induced 
marked expression of PI3K at 24 h (p < 0.01 vs. saline 
and EPO group), and this expression remained until 1 wk 
after I/R injury (Fig. 3a and b). 

Phosphorylation of Akt is dependent on PI3K expres- 
sion and was markedly up-regulated in CEPO-treated 
kidneys 24 h after I/R injury (p<0.01 vs. saline and 
EPO group); it remained activated until 1 wk after I/R 
injury. However, activation of Akt was weak in EPO- 
treated kidneys, confirming that CEPO up-regulated the 
cytoprotective signaling more strongly than EPO 
(Fig. 3a and c). 




Fig. 1. Effects of EPO and CEPO on apoptosis at 24 h (400x). The dark brown dots correspond to representative TUNEL-positive nuclei, (a) control 
group, (b) EPO group, and (c) CEPO group, (d) Quantification (%) of TUNEL-positive cells in the kidney sections. Data shown are means ± SD for 10 
independently performed experiments. **p < 0.01 . 
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Fjg. Z Inununohistocheinical staining of ICi67 (400x). Control group (a,d). EPO group (b.e), CEPO group (c,Q at 24 h (a-c) and 1 wk (d-f). (g) 
Quantiacation (%) of Ki-67-positive cells in the kidney sections. White bars indicate 24 h after I/R injury and dark bars indicate 1 wk after IfR injury. 
Data shown are means ± SD for 10 independently performed experiments. **p < 0.01. 




Control EPO CEPO Control EPO CEPO 



Fig. 3. Western blot analysis of the pathway of cell proliferation, (a) To elucidate the intracellular erythropoietin signaling implicated in tubular 
protection, we examined the expression of PI3K, Akt, and £ts-l 24 h and 1 wk after I/R injury. Relative protein levels of PBK (b). p-Akt (c), and Ets-1 (d) 
were measured usmg NIH image. White bars indicate 24 h after I/R injury and dark bars indicate 1 wk after I/R injury. Data represent means ± SD. 
•V < 0.01. •/>< 0.05. 
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Fig. 4. Effect on phcnolypic changes at 1 wk. Interstitial phcnotypic changes arc assessed by imxnunohistochemical staining of a-SMA in the control (a), 
EPO (b), and CEPO (c) groups, (d) Quantification (%) of the a-SMA-positive fields in the kidney sections. Date shown are means ± SD for 10 
independently performed experiments. **p <0.01. 



Given that Ets-1, which is transiently up-regulated after 
I/R injury, has been reported to induce tubular regenera- 
tion [20], we also examined the expression of Ets-1 by 
Western blot analysis. Western blot analysis demonstrated 
that the administration of EPO slightly increased Ets-1 
protein expression at 24 h, and dramatically up-regulated 
Ets-1 protein expression 1 wk after I/R injury (p < 0.01 
vs. saline group). Consistent with the activation of Akt, 
CEPO induced Ets-l expression at 24 h < 0.05 vs. saline 
group), and the up-regulation was sustained 1 wk after I/R 
injury {p < 0.01 vs. saline and EPO group) (Fig. 3a and d). 

Effects on interstitial phenotypic changes in the IIR injury 
kidney 

To detect interstitial myofibroblasts, which are associat- 
ed with interstitial damage and fibrosis, the expression of 
a-SMA was examined inununohistochemically. The inter- 
stitial expression of a-SMA increased 1 wk after I/R injury 
in the saline-treated rats (Fig. 4a), while EPO-treatment 
significantly suppressed interstitial expression of a-SMA 
(Fig. 4b). CEPO-treatment suppressed interstitial expres- 
sion of a-SMA even further so that the expression of 
a-SMA was limited to the blood vessels (Fig. 4c). 

Discussion 

In this paper, we examined whether EPO or CEPO may 
have therapeutic effects on tubulointerstitial injury in a rat 
model of I/R injury. Untreated kidneys exhibited increased 
tubular apoptosis and interstitial a-SMA expression, while 



EPO-treatment inhibited tubular apoptosis and a-SMA 
expression to some extent. On the other hand, CEPO-treat- 
ed kidneys showed minimal tubular apoptosis and limited 
a-SMA expression. In addition, CEPO administration did 
not increase the Hb concentration, while EPO-treatment 
increased the Hb concentration. 

Based on our results, both EPO and CEPO appear to 
have a protective function against I/R injury; however, 
CEPO has more protective effects against I/R injury to 
tubular epithelial cells than EPO. Several key findings sup- 
port this conclusion. (1) There were fewer TUNEL-posi- 
tive, apoptotic cells among the tubular epithelial cells in 
CEPO-treated kidneys than in EPO-treated kidneys. (2) 
Compared to EPO, CEPO significantly promoted tubular 
epithelial cell proliferation assessed by Ki-67 staining. (3) 
While EPO-treatment significantly suppressed the intersti- 
tial phenotypic alteration assessed by a-SMA expression, 
CEPO-treatment suppressed this even fnrther, so that 
interstitial a-SMA expression was not observed. (4) 
CEPO-treatment significantly suppressed the increase of 
serum creatinine 24 h after I/R injury. These observations 
suggest that CEPO has a greater therapeutic value in I/R 
injury than EPO. 

We demonstrated that CEPO-treatment markedly sup- 
pressed I/R injury-induced tubular epithelial apoptosis 
compared to EPO-treatment. Furthermore, though 
EPO-treatment significantly suppressed the interstitial phe- 
notypic alteration assessed by a-SMA expression, CEPO- 
treatment further suppressed a-SMA expression, so that 
there was no interstitial expression of a-SMA. One 
possible signal transduction pathway by which tubular 



C00024596 




6 



K Imamura et aL I Biochemical and Biophysical Research Communications xxx (2007) xxx-xxx 



apoptosis, as well as later interstitial phenotypic changes, 
could be supj)ressed may involve the activation of PI3K. 
In fact, on Western blot analysis, we found that EPO- 
treatment increased PI3K at 1 wk, but not at 24 h. How- 
ever, CEPO-treatment induced marked expression of 
PI3K at 24 h, which continued until 1 wk after I/R injury. 
Thus, phosphorylation of Akt was markedly up-regulated 
in CEPOtreated kidneys 24 h after I/R injury and 
remained activated until 1 wk. However, activation of 
Akt was weak in EPO-treated kidneys. Kashii et al. [21] 
reported that PI3K is activated by EPO in the EPO-depen- 
dent UT-7 leukemia cell line, where it recruits Akt. The 
PI3K-Akt pathway also leads to the up-regulation of 
Bcl-xL and the mhibition of apoptosis in Baf-3 cells [22]. 
Furthermore, using the EPO-dependent human erythroid 
progenitor cell line, Silva et al. [23] showed that EPO-treat- 
ment maintained the cells' viability by repressing apoptosis 
through up-regulation of Bcl-xL, an antiapoptotic gene of 
the Bcl-2 family. These results suggest that the earlier up- 
regulation of PI3K-Akt pathway in CEPO-treated kidneys 
suppressed tubular epithelial apoptosis, likely due to the 
induction of the anti-apoptotic genes of the Bcl-2 family. 

As well, CEPO was foimd to significantly increase the 
number of prohferating tubular epithelial cells as assessed 
by Ki-67 expression. Tanaka et al. [20] reported that Ets- 
1 expression is up-regulated in the early phase of ischemic 
acute renal failure; Ets-1 expression was localized exclu- 
sively in the PCNA-positive regenerative proximal tubules, 
suggesting that Ets-I protein may induce the transforma- 
tion of regenerative renal tubular cells. In our study, com- 
pared to EPO-treatment, CEPO-treatment sign^cantly 
increased the nimiber of Ets-1 -positive tubular epithelial 
cells. In fact, CEPO-treatment was found to further 
increase the number of Ki-67-positive regenerative tubular 
epithelial cells more than EPO-treatment. In a recent 
paper, Oikawa et al. [24] reported that hypoxia induced 
Ets-1 via the activity of HIF-la, In their study, the Ets-1 
promoter contained a hypoxia-responsive element-like 
sequence, and HIF-la bound to it under hypoxic condi- 
tions. Given that we have documented the up-regulation 
of HIF-lot by EPO or CEPO treatment (unpublished data), 
it is likely that EPO or CEPO induced Ets-1 in tubular epi- 
thelial cells and, thus, promoted tubular proliferation via 
HIF-lcx expression. 

In conclusion, CEPO can protect the kidneys from 
ischemia-reperfusion injury; thus, the therapeutic use of 
CEPO warrants further attention and preclinical studies. 
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The alyeoproteio hormone erythropoietin regulates the level of 
oxygen In the blood by modolating the nimiber of circulating 
ciythfocytes, and is produced in the kidn^**^ or liver^ of adult 
and the livsr^'* of fetal or neonatal mammals. Neither the precise 
cell types that produce erythropoietin nor the mechantems by which 
the same or different cells measure the chrcnladag oxygen con- 
centration and consequently regulate erythropoietin production 
(for review see lef • 9) are known. Cells responsive to erythropoietin 
have been idratllled hi the adult bone marrow'^ fetal Uver" or 
adult spleen''. In cultures of eiythropoletic progenttors, eryth- 
ropoietin stimulates proliferation and dllferentlatlon to more 
mature red Mood cells. Detailed molecular studies have been 
hampered, however, by the impurity and heterogeneity of targ^ 
cell populations and the diflftcuHy of oblaining significant quaa- 
titles of the purified hormone. Highly purified erythropoietin may 
be useful in the treatment of various forms of anaemia, particularly 
In dironic renal falltlre*^'^ Here we describe the cloning of the 
human erythropoletiQ gene and the expression of an erythropoietin 
cDNA done in a transient mammalian expression system to yield 
a secreted product with biological activity. 



Fig. I Northern analysis of human fetal 
liver mRNA. Human fetal liver (5 |ig) and . 
adult liver mRNA (5|Lg) were elec- 
trophoresed in a 0.8% agarose/foraial- 
dehyde gel and transferred to nitrocel* 
lulose as described previously^'. An eryth- 
ropoietin-spectfic $ingle«stranded probe PlUHS 
was prepared from an M 1 3 template con- |] 
taining the 87-bp exon of the human eiyth- 't^-*/^' 
ro|K>ietin gene; the primer was a 20mer 
derived from the same tryptic fragment as ^^V^^ 
the original 17 mer probe. The ^^P-tabelled ^ 
probe was prepared as described pre- 
viously^ except that after digestion with 
Smal, the small fragment was purified 
from the M 13 template by chromatogra- 
phy on a Sepharose CL4b column in 0.1 M 
NaOH/0 J M NaCl. Ihe filter was hybrid- 
ized to ^5 X lO^cpm. of this probe for 
12h at 68X:, washed in 2xSSC at 68"^: 
and exposed for 6 days with an intensify- 
ing screen. Marker mRNAs of --'2,200 
and 1,000 nucleotides (indicated by 
arrows) were run in an adjacent lane. 

Methods. Erythropoietin was purified as described previously'^ 
except that the phenol treatment was eliminated and replaced by 
heat treatment at SO^'C for 5 min to inactivate neuraminidase and 
the final step in the purification was fractionation on a C-4 Vydac 
reverse-phase HPLC column (Separations Group) using a 0*95% 
acetonitrile gradient in 0. 1 % trifluroacetic add (TFA) over 100 min. 
The position of erythropoietin in the gradient was determined by 
gel electrophoresis and N-terminal amino-acid sequence analysis'^ 
of the major peaks and comparing sequences obtained with those 
previously reported for erythropoietin^* Using this approach, 
erythropoietin was shown to elute at '*-53% acetonitrile and rep- 
resented 40% of the toul eluted protein. Fractions containing 
erythropoietin were evaporated to ^ 100 |ti, adjusted to pH 7 with 
I M ammonium bicaibonale and digested to completion with 
TPCK-treated trypsin (Worthington) (2% w/w enzyme/substrate) 
for 18 h at 37 The tryptic digest was then subjected to reverse- 
phase HPLC using the conditions described above and the absorb- 
anoe at both 280 and 214 nm monitored. Well-separated peaks 
were evaporated to near dryness and subjected directly to N- 
terminal sequence analysis*^ using an Applied Biosystems Model 
470A gas phase sequenator. The sequences obtained are underiined 
in Fig. 2. Two of these tryptic fragments were chosen for synthesis 
of oligonucleotide probes. From the sequence Val-Asn- 
Phe-Tyr-Ala-Trp-Lys a 17 mer of 32-fold degeneracy 
(5d(TTCCANGCG^TAG^AAG^TT); pool I) and a partially 
overiapptng 18 mer of 128-fold degeneracy (5'd(CCANG 
CG^AO^AAG^TTNAC); pool H) were prepared on an Applied 
Biosystems Model 380A DNA synthesizer. From the sequence 
Val-Tyr-Ser.Asn-Phe-Leu-Ara« two pools of 14mers, each 48-fold 
degenerate (5'd(TACWGgr*AAT^'rn«CT); pool 111) and 
5'd(TAC^A^GST'^AAT^Tn^TT); pool IV), which differ at the 
first position of the leucine codon, were prepared. The oligonucleo- 
tides were labelled at the 5' end using polynucleotide kinase (New 
England Biolabs) and (y-"P]ATP (NEN). The spedfic activity of 
the oligonucleotides varied between 1,000 and 3,000 CimmoP' 
otiaonucleotide. A human genomic DNA library in bacteriophage 
A^^was screened using a modification of the in situ amplification 
procedure described originally by Woo et al** and using 
tetramethylammonium chloride as the hybridization salt (see also 
refs 45-47; K.J. el al, in preparation). Two independent phage 
(designated A HEPOl and AHEPQ2) hybridized to all three probes. 
DNA from A HEPOl was digested to completion with Slaii3A and 
subdoned into M 13 for DNA sequence analysb using the dideoxy 
chain termination method*^ Analysis of this DNA sequence 
revealed an open reading frame which predsely codes for the 
tryptic fragment used to deduce pool I. This open reading frame 
was contained in an 87-bp exon, bounded by potential splice 
acceptor and donor sites. Confirmation that A HEPOl and 
AHEP02 contain portions of the erythropoietin was obtained by 
identification, through further DNA sequencing of additional 
exons encoding amino-add sequences corresponding to previously 
determined sequences of tryptic fragments of purified eryth- 
ropoietin (see Figs 2, 3). 
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rig. 2 Nucleotide and ammo-acid sequence 
of an erythropoietin fetal liver cDNA. A 95- 
nucleotide probe identical to that described in 
Fig. I was prepared and used to screen a fetal 
liver cDNA library in the vector ACh21A^ 
using standard plaque scteening** procedures. 
Three independent positive clones (designated 
AHEPOFL6 (1. 330 bp). AHEP0FL8 (700 bp) 
and A HEPOFL12 ( 1 .400 bp)) were isolated fol- 
lowing screening of 1 x 10^ plaques. The entire 
insert of A HEPOFL13 was sequenced following 
subcloning into Ml 3. The 5'- and 3'-untrans- 
lated sequences are in lower case letters, the 
coding region in upper case letters. Small filled 
triangles indicate positions of introns as deter- 
mined from sequencing of the erythropoietin 
gene (Fig. 3). The deduced amino-add 
sequence is given above the nucleotide 
sequence and is numbered beginning with 1 for 
the first amino acid of the mature protein. The 
putative leader peptide is indicated by capital 
letters for the amino-acid designations. Cys- 
teine residues in the mature protein are indi- 
cated additionally by SH and potential JV- 
linked glycosylation sites by an asterisk. The 
underlined amino acids indicate those residues 
identified by N-terminal protein sequencing or 
by sequencing tryptic fragments of eryth- 
ropoietin as described in Fig, I. Partial under- 
lining indicates residues in the amino-acid 
sequence of certain tiyptic fragments which 
could not be determined unambiguously. Par- 
tial DNA sequence analysis indicated that 
A HEP0FL8 contained an additional 39 nucleo- 
tides of the 5'-untranslated sequence (see Fig. 
3) and ended at the Arg codon at amino-acid 
position 162, but was otherwise identical to 
AHEPOFL13 in the residues sequenced. Cora- 
:plete sequence analysis of AHEPOFL6 Indi- 
cated that it was identical to AHEPOFL13 
except that the S'-untranslated sequence and 
first 13 nucleotides of the coding region were 
absent and replaced by the 3' 107 nucleotides 
of the intron between exons I and II (see Hg. 
3). Thus, the AHEPOFL6 cDNA clone seems 
to be derived from a partially spliced mRNA 
that processed out correctly all intervening 
sequences except for the one between exons I 
and II. 
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Approximately 10 »jLg of human erythropoietin was purified 
from the unne of patients with aplastic anaemia and digested 
to completion with trypsin. The tryptic fragments were then 
purified by reverse-phase HPLC and subjected to mtcrosequence 
analysis (ref. 16; see Rg. 1). We prepared highly degenerate 
synthetic oligonudeotides based on the amino-add sequences 
and used these oligonucleotides to isolate the erythropoietin 
gene from a bacteriophage A library of human genomic DNA 
(see Fig. 1). 

The eiydiropoiettn genomic clones were then used to deter- 
mine whether human fetal liver is a potential source of messenger 
RNA for complementaiy DNA doning, because ervthropoietin 
is released from mouse*^, sheep'' and human*'^ fetal liver. 
Human fetal (20-wcek-old) and adult liver mRNAs were ana- 
lysed by Northern blotting using as a probe a 95-nucleotide 
single-stranded fragment containing the 87-base pair (bp) exon 
described in Fig. 1. A strong signal was detected in fetal liver 
mRNA corresponding to an mRNA ^ 1 ,600 nucleotides in length 
(Fig. 1). An mRNA of identical size was detected weakly in 
adult liver mRNA and transcripts of ^^2,000 nucleotides were 
detected weakly in both fetal and adult mRNA. The same probe 
was then used to isolate cDNA denes from a bacteriojphage A 
cDNA library constructed from the fetal liver mRNA • 



The complete nucleotide and deduced amino-acid sequence 
for the largest of these clones (designated AHEPOFLI3) is 
shown in Fig. 2. The erythropoietin coding information is con- 
tained in 579 nucleotides in the 5' half of the cDNA and encodes 
a hydrophobic 27-amino*acid leader peptide followed by the 
166-amino-add mature protein. The identification of the N- 
terminus of the mature protein is based on the N-terminal 
sequence of the protein secreted in the urine of patients with 
aplastic anaemia as determined originally by Goldwasser 
and later confirmed (Fig. I and ref. 23). The amino acids under- 
lined in Fig. 2 indicate the protein sequences obtained (see Fig. 
1 legend) either from the N-terminus of intaa erythropoietin 
or from purified tryptic fragments. The deduced amino-add 
sequence agrees predsely with the protdn sequence data, con- 
firming that the isolated cDNA encodes human erythropoietin. 

To demonstrate that biologically active erythropoietin could 
be expressed from the cloned cDN^ we performed transient 
expression experiments in COS cells . The vector (p91023B) 
contains the adenovirus major late promoter, a simian virus 40 
(SV40) polyadenylation sequence, an SV40 enhancer and origin 
of replication and the adenovirus virus-associated (VA) 
gcne"*^. Erythropoietin cDNA was inserted into the p91023B 
ve^or downstream of the adenovirus major late promoter (Fig. 
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Fig. 3 StnBCtut« of the erythropoietin gene. The relative sizes and positions of four independent genomic clones (AHEPOl. 2, 3, and 6) 
described in the text are illustrated by the overiapping lines in a. The thidcened line indicates the position of the erythropoietin gene. The 
region containing the gene was sequenced completely from both strands using an exonudease HI generated series of deletions (C.S., unpublished 
observations) through this region. 6, A schematic representation of five exons coding for erythropoietin mRNA. The predse S' boundary of 
exon I is unknown (indicated by the broken box). The 5' boundary of excn I shown here is derived from AHEPOFU, which has a 5'untranslated 
region 39 nudeoUdes longer than that of AHEPOFL13. The protdn coding portion of the exons are darkened, e. Complete nudeoUde sequences 
of the region. Exon sequences are given in capital letters: intron sequence in lower case letters. The location of exons 1-V are indicated by 
the bars with numerals on the left Because of difficulties in interpreting sequendng gd data from the very G + C-rich regions of exon 1, the 

level of certainty for exon I sequence is reduced slightly. 



2). After transfection of this constnia into COS-1 celts, eryth* 
ropoletin activity was detected by assays of the culture super- 
natant (Table 1). 

Thus, the protein originally purified by Miyake et at^'' and 
containing the N-terminus Ala-Pro-Pro-Arg. . . is erythropoietin 
(refs 21, 23: Fig. 2). Western blotting (using a polyclonal anti- 
erythropoietin antibody) indicates that erythropoietin produced 
in COS cells has a mobility on SDS*polyaayiamide gels identical 
to that of the native hormone prepared from human urine (data 
not shown). 



As well as the clones described above (AHEPOl and 
AHEP02). two other genomic clones (AHEP03 and AHEP06) 
were isolated in subsequent screens of the human genomic 
library (Fig. 3 a). Hybridization analysis of the cloned DNAs 
with oligonucleotide probes and with probes prepared frmn the 
eiythropoi^n cDN A clones position^ the erythropoietin gene 
in the 3J-lulobase (kb) region in Fig. 3a Complete sequence 
analysis of this region and comparison with the cDNA clones 
gave the map of intron and exon structure of the erythropoietin 
gene (Fig. 36, c): the erythropoietin mRNA is encoded by at 



Q1985 Nature Publishing Group 



C00024613 



MATURE VOL 313 2B FEBRUARY 1985 



LETTERSTONATURE 



Table 1 Assay for detection of efythropoietin activity 



Assay method 


Activity 




In vitro CFU-E 


2.0±0.5Umr' 




In vitro 'H- thymidine 






In vivo exbypoxic mouse 






In vivo, surved rat 


2.4 U ml-* 





The cDNA insert from AHE0P0FL13 was inserted into the vector 
p91023B (rcf. 25) described in the text Purified DNA (8 »jig) was then 
used to transfect 5x\(f M6 COS cells^^ using the DEAE^dextran 
method'^; 12 h after tranafection the cells were washed and exposed to 
media containing 10% fetal calf serum for 24 h. Cells were then changed 
to 4 ml serum-free media and colleaed 48 h later. In vitro biologically 
acdve erythropoietin was measured using either a colony-forming assay 
with mouse fetal liver cells as a source of erythroid colony-forming units 
(CFU-E)" or a 'H-thymidine uptake assay using spleen cells from 
phenylhydrazine-iiuccted mice'^. Activities are expressed in units ml 
using a commercial, quantified erythropoietin (Toyobo, Inc.) as a stan- 
dard. The sensitivities of the assays are —25 mU ml"*. In vivo biologi- 
cally active erythropoietin was measured using either the hypoxic 
mouse^' or the starved rat^ method. The sensiavities of these assays 
are 100 mU taVK No activity was detected in either assay from mock- 
conditioned media. In subsequent experiments with the same vector, 
expression levels as high as 2S±3 U ml'* ('H*thymidine assay method) 
have been observed. 

least five exons. Exons II, III, IV and parts of I and V contain 
the protein coding information* whereas the rest of exons I and 
V encode the 5'- and 3'-untranslated sequences, respectively. 
Exon I is 80% G+C and is surrounded by sequences equally 
GH-C-rich. The CpG dinudeotide frequency in this region 
(^^10%) is not significantly under-represented as it is in the 
remainder of the gene (-2%) and thus suggests a region of 
high methylation. The location of the actual cap site and the 
promoter region are not yet known. 

The 166-amino-acid sequence deduced from the cDNA clones 
agrees precisely with our 102 amino acids of partial sequence 
of human urinary erythropoietin, including 25 residues at the 
N-terminus and 77 residues in 9 Internal tryptic fragments. The 
sequence differs at four positions from the N-terminal sequences 
previously published^^ probably because of errors in interpre- 
tation or assignments in the original sequencing. The extent of 
identity between native human erythropoietin and the gene 
isolated here and the fact that we can detect only a single gene 
by genomic blotting with erythropoietin cDNA probes (data 
not shown) implies that the gene we have isolated is not a 
pseudogene or a closely related variant of the erythropoietin 
gene. If a second gene exists, it must be highly homologous over 
many kilobases to the gene described here. 

We have assigned the N-terminus of the mature protein based 
on the N-terminus of the protein released into urine of 
individuals with aplastic anaemia, consistent with the hypothesis 
that the preceding 27 highly hydrophobic amino acids constitute 
a secretory leader peptide. One or more of the amino acids 
preceding the presumed mature terminus may be normally 
secreted with the remaining protein as a pro-form of eryth- 
ropoietin, later processed to the native N-terminus. Amino-acid 
sequence analysis of tryptic fragments of urinary erythropoietin 
has not yet identified the fragment containing the C-tcrminai 
four amino acids (Thr-Oly-Asp-Arg; see Fig. 2). Thus, process- 
ing of erythropoietin may occur at the C-terminus and some or 
all of the final four amino acids encoded in the cDNA may be 
removed in this way. C-terminal sequencing of native eryth- 
ropoietin or identification of the fragment will be necessaiy to 
answer this question. 

There are four cysteines in the 166 amino acids of mature 
erythropoietin. Based on the sensitivity of the biological activity 
of erythropoietin to reducing agents (ref. 28 and T. Shimizu, 
personal communication), at least two of these residues mu$t 
be involved in a disulphide bond. 

In the mature protein there arc three predicted sites of N- 
llnked glycosylation (residues 24, 38 and 83) based on the 
consensus glycosylation site Asn-X-Ser/Thr^. Amino-acid 



sequence analysis suggests that the asparagines at residues 24 
and 83 are glycosylated (data not shown) (residue 38 has not 
been examined). Native erythropoietin is highly glycosylated, 
displaying a complex, prc^ably poly-antennary sugar struc- 
ture^. The relative molecular mass ( M,) of the protein backbone 
deduced from the primary sequence is 18,398. As the reported 
MtS for native erythropoietin determined by SDS gel elec- 
trophoresis are in the range 34,000-39,000 (rcfs 27, 31), nearly 
one-half of the apparent of erythropoietin must be con- 
tributed by the sugar side chains. Whether any of the glycosyla- 
tion Is the result of O-linked glycosylation is unknown. The 
terminal sialic acid re8tdue(s) of native erythropoietin is required 
for full in vivo biological activity but is not necessary for in t^tro 
activity'*. This effect may result from enhanced clearance of 
asialylated erythropoietin from the circulation by the liver^'. 
The biological activity of a completely unglycosylated eryth- 
ropoietin may now be assessable using a recombinant system. 

Lee-Huan^^ recently reported the isolation of an eryth- 
ropoietin cDNA clone from mRNA of a human kidney car- 
cinoma. As no sequence information was provided, we are 
unable to compare the erythropoietin clones described here with 
the cDNA clone of Lee-Huang^. Fyhrquist el al?^ have sug- 
gested that renin substrate (angiotensinogen) may be the eryth- 
ropoietin precursor. Our results argue against a large precursor 
and comparison of the human erythropoietin amino-acid 
sequence with the rat angiotensinogen protein sequence^ reveals 
no regions of homology and further argues against any relation- 
ship between the two polypeptides. Fmally, extensive com- 
parison of the erythropoietin amino-acid and cDNA sequence 
with sequences contained in both the National Biomedical 
Research Foundation and Genbank data bases has revealed no 
significant homology with any published sequence. 
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Identification of DNA sequences 
required for activity of tiie 
canliflower mosaic virus 35S promoter 

Joan T. Odell, Feme Nagy A Nam-Hti Omm 

Laboratory of Plant Molecular Biology, The Rockefeller Univeniiy, 
1210 Yoifc Avenue, New York. New York tOQ21-6399» USA 



Although promoter reglaBs for nuwy plant nuclear gms have 
heen aeqaesced, Ideatlflcatioa of the acthe promoter seqoeace has 
been carried oat only for the octoplae synthase promoter^ That 
analysis was of callns tissae and made ose of an eniyme assay. 
We have ana^sed the effects of 5' deigns In a plant viral 
promoter hi tohacco callus as well as fai regenerated plants, Inchid- 
iag dllfeicat plant tissaes. We assayed the RNA transcription 
prodnct which allows a more direct assessment of deletion effects. 
The canliflower mosaic vtms (CaMV) 35S promoter provides a 
model plant andear promoter system, as its doable-«trand DNA 
geaome Is transcribed hy host nuclear RNA polymerase II from 
a CaMV mintdtroaosome'. Seqnenccs extending to were 
snAcient for necnrate traascription initiation wfiereas the region 
between -46 and -IQS Increased greatly the level of transcrtpUon. 
The 35S promoter showed no tissue-spedfidty of expressloa. 

The 35S promoter region was isolated as a Bg/II fragment 
extending from -941 to +208 with respect to the transcription 
start site mapped for the 35S RNA found in CaMV-infected 
turnip leaves^. The polyadenylation site for the 19S and 35S 
CaMV transcripts located at +180 (ref. 3) was deleted, as 
described in Fig. 1 legend, to eliminate any possible processing 
signals in the promoter fragment. A 3' deleted promoter fragment 
extending to -1-9 was deleted at its 5' end (see Fig. 1) and 
fragmenu extending to -343, -168, -105 and -46 were chosen 
for analysis. 

An abbreviated human growth hormone gene {hgh) was 
added as a test gene downstream to the 3SS promoter deletion 
fragments. Information on plant cell recognition of animal gene 
splice and 3' polyadenylation signals obtained from analysis of 
hgh RNA transcribed in transformed plant cells will be presen- 
ted elsewhere (A. Hunt, N. Chu, J.T.O., F.N. and N.-H.C, In 
preparation). The 35$ promoter-AgA diimaeric gene was inser- 
ted in the pMON178 tumour-inducing (Ti)-pla$mid vector, a 
derivative of pMON120 (ref. 5). Included in this vector is the 
nopaline synthase (NOS) promoter placed 5' to the neomycin 
phosphotransferase-II (npf-II) coding region (NOS promoter- 
npMI gene), which is co-transferred with the 35S promoter-/igh 
gene into the tobacco genome and provides an internal standard 
for comparison of the activities from different 35S promoter 
deletion fragments. 

Following tri-parental matings*-*, Agrobacterium tumefadens 
containing both chimaeric genes was used to infect SRI 
Nicotiana tabacum cells by wounding' and co-cultivation'*^. 



Flgp I Construction of 35S promoter region fragments. A 1.15-kb 
Bglll fragment was subcloned from pCSlOt, a done containing 
the entile Cabb-S CaMV genome', into the BamHl site of pUC 1 3. 
The restthtng plasmtd was linearized at the Sail site in the pUC13 
polylinker next to the 3' end of the promoter fragment, digested 
with 00/31 exonuc1ease'\Hgatedto //mdlllUnkefsandrecircular- 
ized. Clones were analysed for the extent of 3' deletion by polyacry- 
lamide gel sizing of the Accl/HindHI fragments and finally by 
dtdeoxy sequendng^^ of subclones in pUC using the universal 
primer. The plasmid containing a V deletion fragment with the 
Hindlll linker at +9 was Unearized with AccI (site at -391), 
digested with 5a/3l exonudease, ligated to Oal linkers and redr- 
cularized. Clones were analysed for the extent of 5' deletion by 
potyacrylamide gel sizing of the C/oI/Htodlll fragment* followed 
by dideoxy sequendng of subdones in pUC using either the 
universal primer or primer generation by exonudease III diges- 
tion*'. Above is the sequence of the -105 to -25 region of the 35S 
promoter'* with TATA-box, CAAT-box, inverted repeat and core 
enhancer sequence regions maiked. 



i S § ^ ^ * - 




-SSS-^-hOH 
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Fig. 2 Southern blot analysis of DNA from transformed tobacco 
calli. DNA was prepared, digested with £coRI, electrophoresed 
on a 0.7% agarose gel and blotted onto a nitrocellulose filter*'. A 
plasmid constructed to serve as the hybridization probe contains 
a BammiSma\ hgh gene fragment and a BamHl/BglU npt-U 
gene fragment cloned into pUC12 (GH>Neo24). The plasmid was 
nick translated *^ and hybridized to the Southern blot by the method 
of Thomashow el at' . The following samples contain IS |fcg of 
calli DNA transformed with: lane I, -343 35S promoter-AgA ; lane 
2, - 16g 35S promoter-ftgA : lane 3, - 105, 35S promoter-^gli; lane 
4, -46 35S promoter- Ag^ Recoastrucdons of the NOS promoter- 
npull gene and 35$ promoter- Agfc gene copy numbers contain 
15 |Lg of control untransformed plant DNA mixed with different 
amounts of the pMON178 plasmid containing the -105 35S pro- 
moter- Agfc gene: lane 5, 17 pg= I copy; lane 6, 85 pg = 5 copies; 
lane 7, 170 pg = 10 copies. The bands near the top of the filter in 
lanes 1-4 result from hybridization of the pBR322 sequences in 
the GH-Neo24 probe plasmid to pBR322 sequences in the 
integrated pMONl78 Ti vector. In lanes 5-7 the upper bands are 
derived from otlier regions of the pMON178 plasmid. 
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Oxidative stress in Parkinson's disease and other neurodegenerative disorders. 
Jennex P. 

Biomedical Sciences Division, King's College London, UK. 

The cause of cell death in neurodegenerative diseases remains untaovm but the 
formation of free radicals and the occurrence of oxidative stress may be a 
coimaon component of many, if not all, such disorders. For example, in substantia 
nigra in Parkinson's diseases key alterations occur, in iron handling, 

iaitochondrial-.£unct ion ..and_.antioxidant..defencfi3./. -particularly,. ^cBjluced. . 

glutathione. These indices of oxidative stress are accompanied by evidence of 
free radical mediated damage in the form of increased lipid peroxidation and 
oxidation of DNA bases. The alterations in oxidative stress occurring in 
Parkinson's disease appear not be related to the administration of L-DOPA. Some 
alterations of oxidative stress are found in other basal ganglia in degenerative 
disorders (multiple system atrophy, progressive supranuclear palsy, Huntington's 
disease) but these have not been investigated to the same extent. Similarly, 
examination of biochemical changes occurring in Alzheimer's disease, motor 
neurone disease and diabetic neuropathy also suggest the involvement of free 
radical mediated mechanisms as a component of neurodegeneration. It is probable 
that irrespective of the primary cause of individual neurodegenerative disorder, 
the onset of oxidative stress is a common mechanism by which neuronal death 
occurs and which contributes to disease progression. Clearly, therapeutic 
strategies aimed at limiting free radical production and oxidative stress and/or 
damage may slow the advance of neurodegenerative disease. 
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IGF-1 Overexpression Inhibits the Development of 
Diabetic Cardiomyopathy and Angiotensin II-Mediated 
Oxidative Stress 

Jan IQustara,^ Fabio Fiordaliso/'^ Anna Maria Andreoll/ Baosheng Li/ Stefano Chimenti/ 
Marvin S. Medow,^ Federica Limanay^ Bernardo Nadal-Ginaid/ Annarosa Leri/ and Piero Anversa^ 



Stimulation of the local renin-angiotensin system and 
a|M>pt08is diaracterize the diabetic heart Because I6F-1 
reduces angiotensin (Ang) 11 and apoptosis, we tested 
whether streptozotodn-induced diabetic cardiomyopa- 
thy was attenuated in IGF-1 transgenic mice (TGM). Di- 
abetes progressively depressed ventricular performance 
in wild-type mice ( WTM) but had no hemodynamic effect 
on TGM. Myocyte apoptosis measured at 7 and 30 days 
after the onset of diabetes was twofold higher in WTM 
than in TGM. Myocyte necrosis was apparent only at 30 
days and was more severe in WTM. Diabetic nontrans- 
genic mice lost 24% of their ventricular myocytes and 
showed a 28% myocyte hypertrophy; both phenomena 
were prevented by IGF-1. In diabetic WTM, p63 was in- 
creased in myocytes, and this activation of p53 was char- 
acterized by upreguiation of Bax» angioten^ogen, Ang 
type 1 (ATi) receptors, and Ang n. IGF-1 overexpres- 
sion decreased these biochemical responses. In vivo ac- 
cumulation of the reactive O2 product nitrotyrosine and 
the in vitro formation of H202-'OH in myocytes were 
higher in diabetic WTM than TGM. Apoptosis in vitro 
was detected in myocytes exhibiting high H202-'OH flu- 
orescence, and apoptosis in vivo was linked to the pres- 
ence of nitrotyrosine. Il202-'OH generation and myocyte 
apoptosis in vitro were inhibited by the AT| blocker losar- 
tan and the O2 scavenger Tiron« In conclusion, IGF-I 
Interferes with the development of diabetic myopathy by 
attenuating p53 function and Ang n production and thus 
ATi activation. This latter event might be responsible for 
the decrease in oxidative stress and myocyte death by 
IGF-1. Diabetes 50:1414-1424, 2001 
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Ang, an^otensin; Aogen, an^otensinogen; AT^, Ang receptor type 1; CM- 
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Diabetes alters the structure and function of the 
human heart, but the mechanisms involved are 
unknown (1). TVpe 1 insulin-dependent diabe- 
tes is characterized experimentally by cardiac 
myopathy, in which cell death by apoptosis predominates 
(2), Hyperglycemia activates the local renin-angiotensin 
system (RAS), resulting in the formation of angiotensin 
(Ang) n and stimulation of the endogenous cell death 
pathway (2). These observations raise the possibilily that 
IGF-1 may protect the myocardium from the consequences 
of diabetes. This growth factor interferes with the myocyte 
RAS and the synthesis and secretion of Ang II (3). IGF-1 
erUiances the expression of MDM2, which in turn forms 
MDM2-p53 complexes inhibiting p53 DNA binding (3). 
Dowiuregulation of p53 function decreases transcription of 
angiotensinogen (Aogen), which is the limiting factor in 
the synthesis of Ang n in myocytes (4). Therefore, IGF-1 
may exert a therapeutic effect on ventricular dysfunction 
(5) and diabetic cardiomyopathy by attenuating the ceUu- 
lar RAS. This hypothesis is supported by the observation 
that ACE inhibition reduces cardiovascular events, improv- 
ing the morbidity and mortality of diabetic patients (6,7). 

Diabetes is associated with an exponential increase in 
oxidative damage (8). In various cell systems, a direct link 
has been found between Ang n and reactive O2 (9-11). 
However, it is unknown whether the generation of reactive 
oxygen species (ROS) constitutes the intermediate event 
in the transmission of death signals to myocytes by Ang n. 
Alternatively, cooperation between Ang n and ROS may be 
required for cell death to occur in the diabetic heart. In the 
absence of ROS-induced DNA damage, Ang n may not be 
able to execute the death process. We hypothesized that 
IGF-1 overexpression may protect the myocardium from 
diabetes by depressing the synthesis of Ang n and thus the 
formation of ROS and cellular damage. To address these 
issues, diabetes was induced in mice homozygous for the 
IGF-1 transgene (12). In vivo determinations were per- 
formed in control and diabetic animals to identify the 
effects of IGF-1 on p53 function, p53-dependent genes, 
activation of the local RAS, accumulation of oxidative 
stress products, myocyte death, and cardiac hemodynam- 
ics- In vitro studies analyzed both the impact of diabetes 
on ROS formation and the eflScacy of Ang type 1 (ATi) 
blockade and reactive O2 scavenger on oxidative challenge 
and myocyte death. Transgenic mice (TGM) with targeted 
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expression of IGF-1 in myocytes were preferred over non- 
transgenic animals with chronic administration of growth 
factor, because our objective was to characterize the im- 
pact of IGF-1 on the development of diabetic caidiomyop- 
athy. Systemic ii\jection of IGF-1 would have influenced 
other organs, complicating the interpretation of the results 
in the heart 



RESEARCH DESIGN AND METHODS 

Diabetes. A total of 31 male wild-type mice (WTM) and 31 homozygous IGF-l 
TGM at 6 months of age were injected into the tail vein with stieptozotocin 
(STZ) (200 mg/kg body wt) dissohred in a dtzate-sallne sohition CpH 4.5) (2). 
Control mice, 23 in each groiq>, were injected with the diluent and fed a 
restricted diet to match the decrease in body weight with diabetes. This was 
done to avoid the influence of calorie loss (caused by glycosiiria) on body 
weight Mice were Idlled at 7 and 30 day& Blood glucose was measured at the 
time of killing. Serum levels of IGF-1 were obtained at 7 days by Nichols 
Advantage chemiluminescence immunoassay. AU protocols used were in 
accordance with institutional guidelinea 

Cardiac ftinctlon. Just before death, animals were anesthetized with tribro- 
moethanol (1.2%» 0.2 ml Ip.). The carotid artexy was cannuiated with a 
microti pressure transducer (SPR^71, Millar Instruments) connected to an 
electrostatic chart recorder. The transducer was advanced into the left 
ventricle for the evaluation of ventricular pressures and the rate of pressure 
rise (+dF/dt) and decay (-dPAlt). Rectal temperature was maintained at 
36-3ff*C (2-4). 

Tissue fixation and sampliiig. The heart was axrested in diastole with 0.15 
ml cadmium chloride (100 nunol/l), and the myocardium was perftised 
through the aoita with 1096 formalin (13,14). The heart was excised, cardiac 
weights were recorded, and three slices of the left ventricle were embedded 
in paraffin; 48 animals were studied (6 in each group) at 7 and 30 days after 
STZ or diluent ii\)ectk>a Sections were stained with hematoxylin-eosin, and 60 
fields in each heart were examined at x 400 with a reticle containing 42 points 
to yield the volume percentage of myocytes and interstitium. Ventricular 
volume was multiplied by the volume fraction of myocytes to coiiq[>ute the 
aggregate volume of myocytes in the venlzicle (13-16). 
Myocyte death. This terminal analy^ was performed in 48 animals. Myocyte 
apoptosis was determined by deoxynucleotlidEyl transferase (TdT) and haiipin 
probe with single^iase 3' overhangs, and inyocyte necrosis was detennined by 
hairpin probe wtth blunt ends. ^p<9tosis-neGfosls was evaluated by TdT and 
haiipin probe with blunt ends (16). Hiese techniques have been described 
previou^ (2,1^18). Myocyte cytoplasm and nuclei were stained by a-sarco- 
meiic actin antibodbr and propidlum Iodide (PI), respectively (2,13-18). 

Sections from the base, mid^eglon, and apical portion of each left ventricle 
were examined by confocal microscopy, and the numbers of myocyte nuclei 
that were labeled by TdT, haiipin probes, and by TdT and hairpin probe with 
blunt ends were recorded by analyzing a minimum of 13.6 mm^ to a maximum 
of 44.8 mm* of tissue. The total number of myocyte nuclei sampled for TdT 
at 7 days of diabetes was 78^, 61,643, 72,255, and 69,486 in control and 
diabetic nontransgenic mice and control and diabetic TGM, respectively. 
Corresponding values for haiipin probe with single-base 3' overhangs were 
77327| 74,764, 101,460. and 81,027. Values with haiipin probe with blunt ends 
were 81,262, 77,464, 111,660, and 106,912. In a comparable manner, the total 
number of myocyte nuclei sampled for TdT at 30 days of diabetes was 81,613, 
80349, 77,796. and 81,282 in control and diabetic nontransgenic mice and 
control and diabetic TGM, respectively. Canespondixig values for haiipin 
probe with sin^ base 3' oveihangB woe 82,994, 86^658, 90,659, and 77,796. 
Values with hairpin probe with blunt ends were 92,117, 80,849, 83,687, and 
81,282. Vahies for TdT and hairpin probe with blunt ends are not indicated 
because this simultaneous association was never found. The density of 
myocyte nuclei was obtained by counting (per unit area of tissue) the number 
of nuclei in a-sarcomeric actin-positive cells. The number of apoptotic and 
necrotic myocytes per 10* cells was then calculated. 
NItrolyroslne labeling. This analysis was performed in 24 animals (6 in each 
group) at 30 days of diabetes. Sections were incubated overnight with rabbit 
anti-nitrotyrosine antibody (Upstate Biotechnology, Lake Placid, NY) diluted 
1:40 in phosphate-buffered saline (19). Fluorescein isothiocyanate-labeled 
goat anti-rabbit IgG was used as a secondary antibody. Simultaneous presence 
of cell death and nitrotyrosine was evaluated wiUi a secondary antibody 
labeled with tetiamethyl rhodamlne isothiocyanate. Sections treated with 1096 
peroxynitiite were used as a positive contzoL The percentage of myocytes 
containing nitrotyrosine was obtained by confocal microscopy; 300 inyoc^ 
profiles were examined in each animaL 
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B^ocyte size and number. Myocyte cell volume was obtained by three- 
dimensional section reconstruction of en^ymadcally dissociated cells. In each 
left vratride, 160-200 myocytes were measured. The total number of ventric- 
ular myocytes was computed by dhdding the aggregate volume of myocytes by 
the average cell vohime this methodology has been described previously 
(12,19). 

Myocyte isolation. Tliis was performed in 44 mice, 6 in each ffoop, at 7 days 
after diabetes and in 5 at 30 days after diabetes. Left ventricular myocytes 
were enzymatically dissociated following a protocol well established in our 
laboratory (3,12-14). Myocyte yields were 2.1 ± a4 x 10^ in control WTM, 
1.4 ± 0.6 X 10" in diabetic WTM, 2.9 ± 0.8 X 10" in control TGM, and 2.6 ± 
0.7 X 10° in diabetic TGM. Contamination firom nonmyocytes ranged flrom 1 to 
396 in ail cases. 

Band shift. Oligonucleotides corresponding to the p53 binding site in the Bax, 
Aogen, and AT, promoters were used in mobility shift assays (3,4,17). As a 
negative control, nuclear extracts were exposed to a p63 antibody (PStb 240*, 
Santa Cruz Biotechnology) before the binding assay. Unlabeled Aogen, AT|, 
and Bax probes were used as canQ>etitozs, and unlabeled mutated Aogen, AT|, 
and Bax were used as noncontpetitors (4,17). 

Western blot. A total of 60 pkg of myocyte proteins were separated by 1296 
SDS-PAGE. Proteins were tzansferred to nitrocellulose and exposed to 
anti-human p53 (Pab 240; Santa Cruz Biotechnology), anti-human Bax (P19; 
Santa Cruz Biotechnology), anti-rat Aogen (Swant), anti-rat renin (Swant), 
anti-human ATj (306; Santa Cruz Biotechnology), and anti-human AT^ (Ol^ 
Santa Cruz Biotechnology) antibodies (3,4,17). 

Ang II labeling* This was performed in 24 animals (6 in each group) at 7 days 
after diabetes. Sections were incubated with Ang 11 antiserum (2,3). Specificity 
was determined by preabsorbtton of antibody with antigen and by staining 
with nonimmune rabbit serum. Ang Q-labeled myocytes and Ang II sites per 
millimeter squared of myocytes were determined i2JSy A total of 200 myoQlie 
profiles were analyzed in each animal 

Reactive This analysis included five separate myocyte isolations in each 
group of mice at 7 days of di£d)etes, using a total of 20 animals. Isolated myo- 
cytes were attached to laminin-coated petri dishes, and cells were loaded with 
5<6)-chlorometiiyl-2',7'-dlchlorodihydrofiuorescein diaoetate (CM-H3DCFDA) 
(Molecular Rrobes, Eugene, OR) for 30 min. Fluorescence intensity from 
individual cells was measured using an excitation wavelength of 486 nm and 
an emission wavelength of 530 nm (20,21); 100-140 cells were sampled at 
random in each preparation using an Olympus DC70 inverted microscope 
equipped with a digital cooled CCD-IEEE camera (Optronics, Goleta, CA) and 
ImagePro image analy^ software (Media Cybernetics, Silver Spring, MD). To 
avoid changes in fluorescence inteitsity, only a single measurement per field 
was collected Fluorescence was calibrated with InSpeck micro^heres 
(Molecular Probes). (Calibration curves were generated and cell bri^tness 
was measured. IVobe fluorescence was established and this background was 
subtracted from all determinations. Preliminary experiments were also per- 
formed to assess the iqptake of CM-H^DCFDA with time. Maximum fluores- 
cence was reached between 20 and 30 min. Therefore, a SO^nin Interval was 
used. The volume of each analyzed ovocyte was measured by confocal 
microscopy (9,10), and fluorescence intensity per ceU was divided by its vol- 
ume to correct for differences in cell size. After the completion of the mear 
surements of ROS, cells were fixed and stained for apoptosis. 
Aug n, ROS and apoptosis. Tlie effects of 30 min of exposure to Ang n ( 10'® 
moi/1) on ROS formation were detected as described above. Freshly isolated 
myocytes were cultured in laminin-coated petri di^es and serum-firee me- 
dium for 1 h before the addition of Ang IL Identical cultures were exposed to 
losartan (10~^ mol/1) and to losartan plus Ang n, and ROS generation was 
measured. Five separate myocyte isolations were used in each condition. For 
the evaluation of apoptosis, myocytes were cultured in the presence of Ang II 
for 24 h. AdditionaUy, the effect of losaxtan or the siq>eroxide anion scavenger 
Tiron (0.1 mmol/1) on Ang Il-^ediated apoptosis was determined. In these 
experiments, losartan or Tiron were added to the culture 30 min before Ang 
n. Again, six myocyte isolations were used in each protocol 
Statistics. All tissue sanq;>les were coded, and the code was broken at the end 
of the study. Results are presented as the mean ± SD. Statistical significance 
between two measurements was determined by the two-tailed unpaired 
Student's t test, and among groups it was detennined by the Bonfeironi's 
method (22). Prol>ability values of P < 0.05 were considered significant 

RESULTS 

Ventricular faction. Blood glucose in WTM increased 
from 11.4 ± 2.1 to 27.5 ± 3.3 and 36.5 ± 3.6 mmol/1 at 7 and 
30 days after STZ administration, respectively. Compara- 
ble changes in blood glucose were detected in TGM: for 
control, diabetic TGM at 7 days, and diabetic TGM at 30 
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days the values were 11.8 ± 1.5, 28.9 ± 4.0, and 37.2 ± 4.5 
nunoiyi, respectively. As indicated by the small standard 
deviations, all aiumals in each group developed stable 
hyperglycemia. At 7 days, diabetes in WTM was character- 
ized by an increase in left ventricular end-diastolic pres- 
sure (LVEDP) and a decrease in left ventricular systolic 
pressure (LVSP) and +dP/dt. Cardiac function was further 
depressed at 30 days (Rg. 1). In contrast, diabetes at 7 and 
30 days did not affect ventricular performance in TGM. 
Because of pair-feeding, diabetic and nondiabetic mice had 
comparable body and cardiac weights. Heart weight-to- 
body weight ratios remained constant in control WTM 
(3.6 ± 0.2 and 3.6 ± 0.3 mg/g at 7 and 30 days» respectively) 
and in diabetic WTM (3.7 ± 0.3 and 3.9 ± 0.5). Similarly, 
control TGM (4.4 ± 0.3 and 4.5 ± 0.4) did not differ from 
diabetic TGM (4.3 ± 0.5 and 4.7 ± 0.6). Control and dia- 
betic TGM had higher heart weight-to-body weight ratios 
(P < 0.01 to P < 0.001) than corresponding WTM (12). 

It should be noted that the serum level of IGF-1 was <3 
ng/ml in nondiabetic and diabetic WTM. Conversely, IGF-1 
was 5.7 ± 1.2 ng/ml in nondiabetic and diabetic TGM, 
respectively. It cannot be excluded, therefore, that the 
hi^er circulating level of IGF-1 in TGM may have had an 
additional effect on the response of the heart to diabetes in 
this group. 

Myocyte loss. Cell death values at 7 and 30 days were 
similar in control WTM and control TGM and thus were 
combined. Diabetes was associated with an increase in 
myoc3^ apoptosis, which was higher at 7 days than it was 
at 30 days in both WTM and TGM (Rg. 2A and B). 
However, at either interval, cell death was twofold greater 
in diabetic WTM than in TGM. The extent of apoptosis did 
not differ when measured by TdT or hairpin probe with 
single-base 3' overhangs. Myocyte necrosis, evaluated by 
a hairpin probe with blunt ends, was not increased in 
diabetic WTM and TGM at 7 days. Conversely, myocyte 
necrosis with diabetes at 30 days increased 2.9-fold and 
1,8-fold in diabetic WTM and TGM, respectively (Fig. 2(7). 
The 1.7-fold difference between the two groups of diabetic 
mice was significant Cells dying by both apoptosis and 
necrosis were never found. In conq[>arison with control 
WTM, a 24% reduction in the total number of left ventric- 
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ular myocytes was found in diabetic WTM at 30 days (Fig. 
2D). Cell loss in these animals was accompanied by a 28% 
myo<^e hypertrophy (Fig. 2E)i which resulted in preser- 
vation of ventricular mass (Fig. 2F). The 24% loss of cells 
in the ventricle reflected an absolute dropout of 1.1 X 10^ 
myocytes. In contrast, diabetes did not change the num- 
ber, size, and aggregate myocyte volume in TGM (Fig. 

p53 DNA binding and myocyte RAS. p53 Function and 
expression of the p53-dependent and regulated genes 
(Bax, Aogen, and ATj) and p53-independent genes (renin 
and AT2 receptor) were measured in myocytes isolated 
from control and diabetic WTM and TGM (Fig. 3A). These 
determinations were restricted to 7 days because apopto- 
sis with diabetes was greater at this interval. p53 Binding 
to its cognate DNA sequence on the promoter of Bax 
(5'-AGCTTGCTCACAAGTTAGAGACAAGCCTGGGC- 
GTGGCTATATTGA-3'), Aogen (5'-AGCCTCTGTACA- 
GAGTAGCCTGGGAATAGATCCATCTTC-30, and ATi 
(5'-GCTGAGCTTGGATCTGGAAGGCGACACTGGG-3') 
was increased in myocytes of diabetic WTM (Fig. SB-U). 
The optical density (OD) of the p53-shifted band for each 
of these three genes was significantiy higher than in dia- 
betic TGM (OD data not shown). These differences were 
coupled with larger quantities of p53 (Fig. 3^ and Bax 
(Fig. 3F) proteins in WTM myocytes with diabetes. Simi- 
larly, Aogen (Fig. 3G), renin (Fig. 31), and ATj (Fig. 3H) 
increased more in diabetic WTM than in diabetic TGM. AT2 
protein did not change in diabetic mice (Fig. 3J). 

The quantitative analysis of Ang II localization in the 
myocardium (Fig. 4A-Z)) showed labeling in 51 ± 7% (n = 
6) and 31 ± e% (w = 6, P < 0.001) of the myocytes 
in nondiabetic WTM and TGM, respectively. Diabetes in- 
creased the fraction of Ang n-positive myocytes to 77 ± 
9% (n = 6, P < 0.001) in WTM and to 50 ± 8% (n = 6, P < 
0.01) in TGM. The number of Ang n sites per millimeter 
squared of myocytes was twofold (P < 0.001) higher in 
nondiabetic WTM (14,000 ± 3,500 per mm^) than in TGM 
(7,000 ± 2,100). With diabetes, these values increased 
2.3-fold (P < 0.001) in WTM (32,100 ± 8,300) and 1.7-fold 
(P < 0.001) in TGM (12,000 ± 3,400). Thus, Ang H sites in 
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myocytes were 2.7-fold (P < 0.001) more numerous in 
diabetic WTM than in TGM. 

Nitrotyrosine localization. Nitrotyrosine is formed by 
the interaction of peroxynitrite with cytoplasmic proteins 
(23). This modified amino add is a product of oxidative 
stress that can be detected in the myocardium using a 
nitrotyrosine-specific antibody (Fig. 5A and B), Its associ- 
ation with myocyte apoptosis can be identified as well 
(Fig, 5C and /)). The analysis of nitrotyrosine localization 
in myocytes was performed at 30 days of diabetes to allow 
its accumulation with time. The percentage of myocytes 
expressing nitrotyrosine was 28 ± 6% (n = 6) and 14 ± 4% 
(n = 6; P < 0.05) in nondiabetic WTM and TGM, respec- 
tively. Diabetes increased the firaction of nitrotyrosine- 
positive myocytes to 71 ± 16% (w = 6, P < 0.001) in WTM; 
this parameter did not change in diabetic TGM, which had 
avalueof 16 ± 5%(n = 6, NS). The presence of nitrotyro- 
sine does not permit the examination of all nuclei of posi- 
tive cells; nuclei are often not included in the section plane 
(Fig. 5A and E). Moreover, nitrotyrosine labeling exceeds 
by several orders of magnitude the extent of cell death. A 
total of 63 apoptotic myocytes were examined in diabetic 
WTM to detect the potential implication of nitrotyrosine in 
apoptosis; in all cases, apoptosis was accompanied by 
nitrotyrosine labeling (Fig. 5C and D). To confirm the role 
of oxidative stress in cell death, 38, 26, and 18 apoptotic 
myocytes were analyzed in diabetic TGM and nondiabetic 
WTM and TGM, respectively; nitrotyrosine was present in 
every cell undergoing apoptosis. 

ROS formation. The increase in nitrotyrosine in myo- 
cytes with diabetes suggested that a causative link existed 
between oxidative stress and this disease. Additionally, 
IGF-1 attenuated the effects of oxidative stress on nitro- 
tyrosine accumulation in the diabetic heart To establish 
whether a relationship was present between diabetes and 
Ang n formation and between ROS production and cell 
death, in vitro studies were performed after 7 days of 
diabetes. This interval was selected because Ang n label- 
ing of myocytes was obtained at this time and apoptosis 
in vivo was higher than at 30 days (see above). Myocytes 
were isolated from nondiabetic and diabetic WTM, and 
TGM and ROS generation was measiu-ed using a fluores- 
cent probe detecting HgOg and *0H in living cells (Fig. 6A 
and B). In each cell, fluorescence intensity (f) was normal- 
ized by the corresponding myocyte cell volume (V). ROS 
production was 44% (P < 0,01) higher in myocytes fix)m 
nondiabetic WTM (n = 5, 1.34 ± 0.11 than in cells 
firom nondiabetic TGM (n = 5, 0.93 ± 0.08). Diabetes 
increased the formation of H202-*OH in myocytes of WTM 
(» = 5, 2.40 ± 0.29 f/V) and TGM (n = 5, 1.23 ± 0.12) 
l.Mold (P < 0.001) and 1.3-fold (P < 0.05), respectively. 
Using 0.2-f'V increments, the frequency distribution of 
fluorescence intensity of myocytes was plotted (Fig. 6C7- 
F), In comparison with WTM, IGF-1 overexpression in 
nondiabetic and diabetic hearts was characterized by a 
shift to the left of the reactive Og signal. In nondiabetic 
WTM and TGM and diabetic WTM and TGM, respectively, 
a total of 563, 585, 601, and 643 myocytes were examined 
and 1, 0, 7, and 2 a^ptotic cells were found. All dying 
myocytes had high levels of H202-*OH; f/V values ranged 
from 3 to 5. The frequency of apoptotic myocytes found in 
vitro were higher than in vivo. This is a consistent phe- 
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nomenon associated with cell isolation and culture condi- 
tions (4,17). 

To identify whether the cellular release of Ang U was 
responsible for the induction of KzO^'OK at baseline and 
with diabetes or whether oxidative stress was independent 
from ATi receptor activation, myocytes were exposed for 
30 min, respecthrely, to the ATx antagonist losartan (10"'^ 
mol/1) or the intracellular reactive scavenger Tiron (0.1 
mmoi/1). H202-*0H fluorescence was reduced by losartan 
(Fig. 6G-J) in myocytes obtained from diabetic WTM (from 
2.40 ± 0.29 to 1.53 ± 0.13 f/V; 582 cells, two apoptosis) and 
TGM (0.91 ± 0.14; 610, one). Values in losartan-treated 
nondiabetic WTM and TGM were, respectively, 1.26 ± 0.18 
f/V (541 cells, one apoptosis) and 0,85 ± 0.09 fA^ (572 ceUs, 
no apoptosis). Similarly, Tiron-attenuated oxidative stress 
mimicked the effects of losartan at a more distal level: 
WTM = 1.12 ± 0.17 f/V (551 ceUs, no apoptosis), TGM = 
0.78 ± 0.11 (539. none), diabetic WTM = 1.29 ± 0.21 (680, 
one), and diabetic TGM = 0.91 ± 0.14 (554, none). 
Ang II, ROS formation and apoptosis. Myocytes from 
control WTM were exposed to Ang E, and the H202-'OH 
signal was measured (Fig. 7A). Fluorescence intensity per 
cell neariy doubled with Ang U. In contrast, pretreatment 
of cells with losartan prevented the effects of Ang II on 
ROS production. Myocyte apoptosis markedly increased 
24 h after the addition of Ang IL Importantly, Tiron or 
losartan inhibited the apoptotic signal transmitted by Ang 
n (Fig. 7B). Thus, Ang II activated apoptosis via the AT| 
receptor by enhancing oxidative stress. 

DISCUSSION 

IGF-1 overexpression protects from diabetic cardio- 
myopatiiy* Whether diabetes per se — in the absence of 
coronary artery disease and hypertension— leads to car- 
diac myopathy in humans has been a controversial ques- 
tion (1). Animal models of diabetes have not resolved this 
issue. Biochemical, mechanical, structural, and electro- 
physiological alterations have been identified in combina- 
tion with modest abnormalities in the diastolic properties 
of the heart (2,24,25). However, indexes of severe ventric- 
ular dysfunction and fiailure have not been observed (1,2). 
Results presented here document for the first time that in a 
moiise model of type 1 insulin-dependent diabetes, cardiac 
performance is impaired soon after the onset of the dis- 
ease and deteriorates chronically. Myocyte loss and hyper- 
trophy of the remaining cells characterize the diabetic 
decompensated heart, mimicking cardiac myopathies in 
humans and animals (26). 

Clinical and experimental studies aiming at the identifi- 
cation of a therapeutic role for exogenously administrated 
IGF-1 or growth hormone in pathologic states of the heart 
have not provided a consistent answer. Positive observa- 
tions (5,27) have been contrasted by negative results (28, 



29). IGF-1 overexpression in TGM has previously been 
shown to inhibit both myocyte apoptosis in the surviving 
myocardium after infarction (13) and myocyte necrosis 
after nonocdusive coronary arteiy constriction (14). Inter- 
ference with ceU death improved cardiac anatomy and 
decreased diastolic wall stress in both situations. How- 
ever, these beneficial effects were not accompanied by a 
corresponding amelioration in ventricular hemodynamics, 
possibly due to the presence of large infarcts and restric- 
tion in coronary perfusion, respectively. Therefore, the 
therapeutic impact of IGF-1 on the diseased heart remains 
imclear. The current findings demonstrate unequivocally 
that IGF-1 overexpression affected the level of activation 
of myocyte death with diabetes and preserved ventricular 
performance. Myocyte death has been questioned as an 
etiological factor capable of induciiig frmctional alter- 
ations. Cell death has been claimed to be an epiphenom- 
enon that has litde influence on tiie oitset and evolution of 
cardiac failure (30). Current data in diabetic nontransgenic 
mice and TGM challenge this contention. 
I6F-1 overexpression inhibits Ang 11 synthesis and 
ROS formation. Recent observations in diabetic patients 
(7) and in rats after STZ administration (2) have demon- 
strated that the systemic and local RAS are activated with 
diabetes, exerting a detrimental effect on the course of the 
disease. Formation of Ang n in the myocardium and 
stimulation of ATi receptors cause myocyte apoptosis and 
cardiac remodeling (2). The in vivo results obtained here 
are consistent with the concept that upregulation of p53 
leads to enhanced expression of the p53-regulated gene 
(Aogen) responsible for the increased levels of Ang n in 
myocytes with diabetes. Aogen is the limiting factor in the 
formation of Ang n in cardiac muscle cells (4,17,31), and 
inactivation of p53 inhibits generation of the octsqpeptide 
(4). IGF-1 attenuates p53 transcriptional activity and 
ti\ereby downregulates Aogen and the synthesis of Ang IL 
This negative modulation of RAS by IGF-1 is mediated by 
MDM2 and the generation of MDM2-p53 inactive com- 
plexes (3,32). Ang n leads to oxidative stress in several cell 
systems through NADH/NADPH oxidase (9). This enzyme 
is the m£yor source of superoxide; p22^'**** is critical for the 
transfer of electrons from NADH or NADPH to O2 and the 
production of reactive O2 (33). 

Ang n increases the formation of ROS in neonatal 
myocytes (34), endothelial cells (11), and smooth muscle 
ceUs (9) in vitro by activating AT^ receptors (11). How- 
ever, a link between ROS and apoptosis has not been 
established. It is technically impossible to measure the 
generation of ROS in cardiac myocytes in vivo. Therefore, 
the localization of nitrotyrosine in myocytes was evalu- 
ated. Superoxide anion interacts with nitric oxide, forming 
peroxynitrite (ONOO") (23). ONOO" induces oxidative 
damage to proteins, leading to the production of a modi- 



FIG. 8. Left ventricular myocytes firom a diabetic nontransgenic mouse at 7 days (Ay, a-sarcomeric actin staining of the cytoplasm (red 
fluorescence and PI labeling of nuclei (yeUow fluorescence), xSOO. B-D: Gel mobill^ assays of p68 binding to Its consensus sequence in the 
promoter of bax (B>, Aogen (C), and AT| (I>). Bax, Ao, and ATI; probes In the absence of nadear extracts. Co, competition with an excess of 
unlabeled setf-oUgonudeotlde; Ab, competition with monoclonal p53 antibody; Mut, preincubation with unlabeled mutated form of oligonucle- 
otides; SV-T2, unclear extracts ftom SV-T2 ceUs; C, control; D, diabetic; W, nontransgenlcs; T, transgenics. OD values of the shifted bands are not 
listed. E-J: Western blots of p63 (£), Bax (F). Aogen «?), AT^ (H), renin (/), and AT^ (J). ODs for p53: WC = 1.9 ± 0.31, WD = 6.7 ± 1.5 (P < 
0.001); TC a 0.66 ± 0.16, TD s 2.1 ± 0.48 (P < 0.06). ODs for Bax, WC « 1.4 * 0.26, WD ° 6.7 ± 0.81 (P < 0.001); TO » 0.60 ± 0.16, TD = 0.78 ± 
0.26 (P < 0.06). ODs for Aogen: WC = 6.2 ± 1.3, WD = 19 £ 4 (P < 0.001); TC » 1.8 ± 0.44, TD = 2.4 ± 0.64 (P < 0.01). ODs for AT^: WC = 3.7 ± 
1 .0, WD =: 13 ± 8 (P < 0.001 ); TO *> 0.99 ± 0.29, TD o ± OM (P < 0.01 ). ODs for renin: WC = 0.88 ± 0.29, WD s 2.1 ± 0.64 (P < 0.001); TC = 
0.71 ± 0.19, TD s 1.1 ± 0.28 (NS). ODs for AT.: WC « 0.93 ± 0.83, WD « 0.91 ± 0.24 (NS); TC « 0.86 ± 0.26, TD « 0.82 ± 0.27 (NS). n s 6 in 
all cases. 
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FIG. 4. Myocardium of nondlabetic (A and and diabetic (C and I>) WTM. Green fluorescence (ii and C) and yellow flufurescence (B and X>) 
reflect Ang II labeling (arrows) and laminln staining of the interstidom. Red fluorescence sbows a-sarcomeric actin staining of the cytoplasm (B 
and D), and blue fluorescence shows PI labeling of nuclei {B and i>). Magnification: x 1,200. 
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FIG. 5. Nitrotyrosine localization in the myocardium of a diabetic WTM- at 30 days (4 and B), shown by blue fluorescence (i4) and pink 
fluorescence (B). a-Sareomerlc aetin staining of the cytoplasm is shown by red fluorescence (H) and PMabeling of nuclei (green-yellow 
fluorescence, A and B). C and D from the same heart show an iqioptotic nudens (green-yeUow fluorescence, arrow) detected by haiipin probe with 
single-base 3' overhangs. Stalnings for nitrotyrosine and nqrocyte cytoplasm are the same as those In A and B. Magnification: xl^OO. 
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Diabetic nontransgenfc mice 



FIG. 6. Fluorescence of the HgO a-OH probe in myocytes isolated ftom 
a control (A) and diabetic (B) WTM. Ma^iiflcatlon: xl60. C-^i Fre- 
quency distribution of HgO^-'OH signals in myocytes ftom nondlabetlc 
and diabetic mice in the absence (C-F) and presence of losartan (G-J). 
Fluorescence increments of 0.2 17V were used to construct these curves. 
Regression lines were fitted using Weibull's equation. Solid circles 
correspond to groups of myocytes within 0^ f/V, Solid triangles corre- 
spond to i^optosis of individual myocytes. 



fied amino add (nitrotyrosme). The increased frequency of 
nitrotyrosineipositive myocytes in diabetic nontransgenic 
mice pointed to an oxidative challenge in vivo. This 
cellular response was prevented in diabetic IGF-1 TGM, 
correlating with the lower level of Ang n in the myocar- 
dium. However, these in vivo results did not prove whether 
Ang n was the trigger for the induction of ROS or whether 
IGF-1 reduced oxidative stress by interfering only with the 
synthesis of Ang n. IGF-1 could have affected the activity 
of NADH/NADPH oxidase, limiting superoxide formation 
(23). Importantly, ATj blockade in myocytes from diabetic 
WTM and TGM decreased the HgOg-'OH signals. Although 
the levels of H202-'OH varied in the presence and absence 
of IGF-1 overexpression, inhibition of Ang n binding mark- 
edly depressed the generation of ROS in either myocyte 
population. Similar results were obtained with the reactive 
O2 scavenger Tiron. Thus, Ang n was the mediator of re- 
active O2, and IGF;1 attenuated oxidative stress by reduc- 
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ing the local synthesis of Ang n in the myocardium with 
diabetes. 

IGF-1 overexpression attennates myocyte death with 
diabetes. Myocyte ^>optosis and necrosis are both in- 
volved in the development of diabetic cardiomyopathy. 
Necrosis temporally follows apoptosis, contributing to the 
chronic loss of ventricular myocytes with diabetes. The 
strict association between nitrotyrosine and apoptosis 
suggests that oxidative damage is causally implicated in 
the activation of this fonn of cell death. Althou^ a similar 
link was not investigated for myocyte necrosis, different 
levels of reactive O2 trigger s^optosis or necrosis; high 
quantities induce necrosis and low amounts promote apo- 
ptosis (35). IGF-I attenuated necrosis and apoptosis but 
did not prevent cell death completely. However, myocyte 
apoptosis and necrosis in TGM did not affect the aggregate 
number of ventricular myocytes 1 month after STZ admin- 
istration. This apparent inconsistency may be esqplained by 
myocyte regeneration, which could have occurred with 
IGF-1 overexpression (12). 

In conclusion, the positive correlation between the ex- 
tent of oxidative challenge and myocyte apoptosis in vitro 
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FIG. 7. Effleets of Ang n on SOS fonnattoD (4) and myocyte i^ptofito 
(B) ia cultured myocytes obtained flrom nondlabetic nontranagenlc 
mice. Results are means ± 8D. Los, losartaa. *P < 0.06 vs. control; < 
0.05 vs. Ang n alone, is » 6 In all cases. 

and between nitrotyrosine localization and myocyte apo- 
ptosis in vivo strongly suggest that oxygen toxicity may 
constitute an important cell death signal responsible for 
cell dropout in the diabetic heart Diabetic cardiomyopa- 
thy may be viewed as a ROS-dependent myopathy in which 
cell loss initially produces moderate ventricular dysfunc- 
tion and chronically leads to a severely decompensated 
heart. IGF-1 protects the myocardium from the detrimen- 
tal effects of diabetes by attenuating Ang IE synthesis and 
thus reactive O2 damage and, ultimatety, cell death. Wheth- 
er the protective role of IGF-1 in diabetes persists over long 
time periods remains an important unanswered question. 
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Derivatives of Erythropoietin 
That Are Tissue Protective But 
Not Erythropoietic 
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Erythropoietin (EPO) is both hematopoietic and tissue protective^ putatively 
through interaction with different receptors. We generated receptor subtype- 
selective Ugands allowing the separation of EPO's bioactivities at the cellular 
level and in animals. Carbamylated EPO (CEPO) or certain EPO mutants did not 
bind to the classical EPO receptor (EPOR) and did not show any hematopoietic 
activity in human cell signaling assays or upon chronic dosing in different animal 
spedes. Nevertiieless, CEPO and various nonhematopoietic mutants were cy- 
toprotective in vitro and conferred neuroprotection against strolce» spinal cord 
compression, diabetic neuropathy and experimental autoimmune encephalo- 
myelitis at a potency and efficacy comparable to EPO. 



Erythropoietin (EPO) is a pleiotropic cytokine 
originally identified for its role in crythropoiesis 
(7). Its hematopoietic effects on the bone mar- 
row arc mediated by the homodimeric eiythro- 
poietin KccptOT [(EPOR^, a class 1 cytokine 
receptor. Sasaki and odiers identified ihe pro- 
duction of EPO in the central nervous system 
and, later, its neuroprotective function {1-7). 
Eventually, a proof-of-concept for neuroprotec- 
tion by peripherally dosed EPO was obtained in 
a pha^ Q clinical trial in cerebral ischemia (8). 



Desialylated EPO (asialoEPO) has the same 
(EPOR)2 affinity and neuroprotective propalies 
as EPO, but an extremely short plasma half-life. 
Both molecules share the capacity of crossir^g an 
intact blood4)rain barrier when dosed penpherally 
(5, ^70), but bear also the risk of unwanted 
effects linked to the chronic oveistiinulation of 
(EP0R)2, for example, on the bone manow. 

Extensive stmcture-activity relationship 
(SAR) studies of EPO have identified regions 
and amino adds essential for binding to 



(EP0R)2 (77), and many chemical modifica- 
tions tibat abolish EPO*s hematopoietic bio- 
activity are known (12, 13), However, ttie re- 
cq>tor complex mediating tfie neuroprotective 
effects of EPO differs from die hematopoietic 
receptor with respect to zppaimt affinity for 
EPO, a^arent molecular weight, and associat- 
ed proteins (2). The EPO recq)tor has been 
reported to associate functionally with other 
cytokine receptors such as CD131 (14, 75), and 
a region of EPO not within the (EPOR)2 bind- 
ing domains has been associated with neuropro- 
tective effects (JS). On die basis of these obser- 
vations, we postulated that molecular changes to 
eiyftropoietin diat neutralize eiytfaropoiesis would 
not necessarily alter tissuei^rotecthre potency. 
One known modification silencing eiytfsopcnesis 
is the carbamylation of lysines, a process well 
reoogruzed to profoundly alter protein conforma- 
tion and fimctioiL Surprisingly, we found diat 
carbamylated EPO is neuroprotective and there- 
fore introduces a new class of neuroprotective 
cytcddnes that lack erythropoietic activity yet en- 
gage a tissue-protective recqjtor. 

All lysines in EPO were transformed to 
homocitrulline by carbamylation (77) (fig. 
SI A). CEPO, the resultant product, completely 
lacked bioactivity in the in vitro UT? hemato- 
poiesis Inoassay (Table 1) and Med to bind to 
EPOR on tiiese cells (Fig. lA). However, 
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CEPO protected P19 cells fiom qxyptosis (Ta- 
ble I) and prevented A/knetfayl-I>aq)aitate 
(NMDA)-mduced apoptosis of hippocan^al 
cells widi a potency (IC50 of 6 to 10 pM) and 
efRcacy (SO to 80% specific protecticm) similar 
to EPO ffig. IB). Thus, CEPO represents the 
prototype for a family of designer cytokines 
with a novel acthdty spectnmi. 

We iuilher expbreid the new piincq>le ^ 
eiytfiropoietic bioactivity and cytc^nDtection 
followed different SARs, generating mutants of 
EPO known to disnipt erythropoi^c activity, 
but not confbnnation {18, 19), Some mutants, 
such as EPO-SIOOE or EPO-R103E, retained a 
high cytoprotective efRcacy despite drastically 
reduced (EPOR)2 affinity (Table 1). Thus, the 
tissue-protective potential of EPO could be sep- 
arated from (EP0R)2 interaction by multiple 
approaches affecting tiie protein backbone of 



'gzooo 
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EPO, whereas changes in sialylation had no 
effect on tfie receptor affinities and in vitio 
bioactivities of the different types of ligands 
(Table 1). We furtiierdiazactenzodtlK binding of 
CEPO to live cdls (CHO, BaF/3) oveexpressing 
(EP0R)2 {17), bi several of tiiese expq iment s, 
asialoCH^ was used to exchide any binding 
effects of sialic acxl-^3ecific lectins previously 
described for neucal cells {20). Dq)endiqg on tfie 
cellular context and recqptor species (apparent 
affini^ of human EPO for huEPOR was about 
three times as high as tfiat for rodent EPOR), EPO 
bou»i at 10 to 200 pM, while CEPO at asiab- 
CEPO dxi not bind at ocmceitrations iq) to 10,000 
pM (fig, S2, A and B, and Fig. lA). 

In contrast to the above hematopoiesis mod- 
el systems, we fbund that EPO and asialoCEPO 
had similar binding affinities for living PC- 12 
cells as representative of a neural cell type (Fig. 
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Fig. 1. CEPO is neuroprotective without binding to EPO-R. (A) Binding competition with iodinated 
EPO was determined for UT7 cells. Celts were Incubated with radiotracer and graded doses of 
unlabeled EPO or CEPO and analyzed for radiotracer binding. (B) CEPO/EPO was added to 
hippocampal neurons 24 hours before challenge with NMDA, and toxicity was evaluated 24 hours 
later by counting apoptotic neurons. 
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Fig. 2. Differential binding and erythropoietic 
signaling of EPO, CEPO, and asialoCEPO. (A) 
PC-12 (neural-type) cells were Incubated 
with radiotracer (EPO) and graded doses of 
unlabeled EPO or asialoCEPO and analyzed 
for radiotracer binding. Data are In counts 
per minute (cpm) for quadruplicate samples. 
(B) BaF/3-EPOR cells were stimulated for 10 
min with CEPO or EPO. Activation was ana- 
lyzed by Western blotting of cell lysates with 
phosphorylation site-specific antibodies (PY- 
Jak2; StatS). Equal loading was confinned by 
reprobing of membranes against nonphospho- 
ryiated Jak2. (C) CEPO was intravenously In- 
jected (I.V.) biweekly to mice (n 



EPO 




10f(g/HgCEPO 
100 pg/kg CEPO 
200 /ig/kg CEPO 
500 pg/kg CEPO 
injections (i.v.) 



0 7 14 21 28 35 42 49 56 63 70 

Time (days) 

8). Injection days are marked by triangles. Data are expressed as 
percentage of saline-treated animals [control hemoglobin (Hb) =^ 15 ± 3 mg/100 mQ. One group of 
mice was injected with 5 y.g/kg EPO, and Hb levels were determined after 5 weeks as positive control 



2A). These data suggest that while CEPO does 
not interact with the classical (EP0R)2 to a 
d^ree detectable by radioligand bindaig as- 
says, EPO and CEPO appear to compete for a 
common binding site on some (neural) cell 
types. We assessed potential interaction of C0K) 
with die (EP0R)2 by measuiing the phosphoiyl- 
ation of the txansaq)tian &ctor STAT-5 or of 
Jak2, a downstream kmase diecdy activated qxsi 
liganl binding to the EPOR. In BaF/3-EPOR 
ceDs, EPO ooncentiatians > 0.5 nM stimulated 
the phosphorylalion of signaling molecules. In 
contrast, CEPO concentratians up to 50 nM 
showed OTily minimal activity (Fig. 2B). 

In clinical applications of neuroprotec- 
tion, the ability of the engineered cytokines to 
cross the blood-brain barrier is critical We 
found that CEPO distributed at least as well 
into the cerebrospinal fluid (CSF) as did 
EPO. For example, after intravenous (iv) bo- 
lus CEPO injection (rat, 44 ^.g/kg; n = 6), 
pM concentrations (15 ± 6 pM CEPO versus 
7 ± 2 pM EPO) were detected in CSF after 4 
hours, and after 24 hours the CSF CEPO 
concentrations were still significantly elevat- 
ed above baseline (4 ± 2 pM). The plasma 
pharmacokinetic parameters for CEPO were 
also in the same range as those for EPO. The 
plasma elimination half-life (rat, 44 M.g/kg iv; 
n = 4) was 3.3 hours. Peak concentrations of 
150 pM were reached 14 hours after subcu- 
taneous injection (rat, 44 }JigAcg; n = 4), and 
the plasma concentrations remained signifi- 
cantly elevated above 2 pM (the erythropoi- 
etic threshold for EPO) for >20 hours {17), 

CEPO circulates long enough in vivo to 
potentially trigger hematopoiesis indepen- 
dently of a classical (EP0R)2 interaction. 
Hence, we examined this possibility in sev- 
eral systems. Biweekly injections of up to 
500 )tg/kg CEPO did not increase the hemat- 
ocrit in mice (not iron supplemented), in con- 
trast with identically dosed 5 pig/kg EPO 
(Fig. 2C). Even five times weekly injections 
of CEPO administered subcutaneously did 
not increase the hematocrit Moreover, CEPO 
was tested on rats in which an 8-week daily 
dosing of 50 p^g/kg had no augmenting effect 
on hemoglobin levels or hematocrit Finally, 
mice were dosed subcutaneously daily for 4 
weeks with CEPO at 10, 50, or 200 M.g/kg. 
Whereas the control group receiving EPO (10 
pL^g) showed a 1.7-fold hematocrit in- 
crease, none of the CEPO groups showed any 
increase after 4 weeks or after a recovery 
period of an additional 2 weeks (<3% in- 
crease in any group). Thus, CEPO is not 
erythropoietic even when continuously 
present at high concentrations in plasma. 

We also detemiined whether die modified 
EPOs mi^ function as antagonists to the 
(EP0R)2. The new variants were completely 
devoid of competitive effects, even at conc^ 
trations up to 300 times as high as tiiose of EPO 
(Table 1 and fig. S2Q. 
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In a cerebral infarct model, CEPO showed 
the same degree of tissue protection as report- 
ed for EPO and was effective over tfie same 
dose range (5 to 50 ^tg/kg). Delayed admin- 
istration of CEPO by up to 4 hours after 
occlusion of the middle cerebral artery still 
conferred protection (Fig. 3A). This broad 
therapeutic time window has also been re- 
ported for EPO (P, 10) and distinguishes 
CEPO as a potential stroke therapeutic differ- 
ent from many other compounds that fiadled in 
clinical trials. Moreover, tissue piotection by 
CEPO in die stroke model correlated well vAAi a 
reduced inflammatory response in the tpsilateral 
hemisphere: Intedeu]drt6 levels were significant- 
ly (P < 0.05) reduced from 11,000 U/g m the 
control group to 5600 U/g in the CEPO group, 
and monocyte chemoattractant protein-1 levels 
from 3150 pg/g to 1720 pg/g (P = 0.03). In 
addition, we evahiated CEPO's effects on loss of 
l\iDction resultiqg fiom retinal ischemia (not 
shown) or sciatic nerve compression (Fig. 3B) 
and, again, obsen^ed a protective effect to the 
same degree as diat described for EPO (P, 10). 

Next, CEPO was tested in an established 
model of spinal cord injury (9). Neurological 
function af^ injury was significantly inproved 
in the animals treated over 6 weeks with CEPO 
compared with the saline or EPO groups (Fig. 
3C). A delay of 24 hours in treatment resulted in 
nearly identical recovery as that cbserved for an- 
imals rooehdng CEPO immediately after injury 
(Fig. 3D). Even when the first dose was given 
with a delay of 48 hours (not shown) or 72 hours 
after injury, we still obsenred a significant bene- 
ficial effect on the neurobgical function (Fig 3D). 

EPO is beneficial in another subchronic 
disease model, experimental autoimmune en- 
cephalomyelitis (EAE) (3). The neurological 
deficits in mice that had been immunized 
with myelin oligodendrocyte glycoprotein 
(MOO) to induce EAE were improved by 
CEPO over a prolonged observation period 
(Fig. 3E). In a modified setup of the model, 
first a stable disease state was triggered in the 
animals. Even 4 weeks after the robust 
plateau of neurological dysfunction was 
reached, a three-times-per-wcek treatment 
with CEPO significantly improved neurolog- 
ical function (Fig. 3E). Finally, we observed 
that CEPO reproduced die recently discov- 
ered beneficial effects of EPO (27) on diabet- 
ic peripheral neuropathy (Fig. 3F) {17), 

We have presented the rationale, synthesis, 
and characteri2ation of CEPO, an engineered 
cytokine with an activity spectrum preferential- 
ly targeting tissues outside the bone marrow. 
The findings have implications both for the 
biology of EPO and for the design of new 
tissue-protective therapies. Unlike odier modi- 
fied cytokines altering the clinic, the new class 
of compounds is not based on alterations of 
stability, plasma half-life, or antigenicity witfi 
an odierwise similar bioactivity ^)ectrum as the 
parent cytokine. On the ccmtraiy, the phaima- 



cokmetic properties of CEPO are similar to 
EPO*s, wMle the pharmacodynamics exhibit an 
unprecedented profile. CEPO exhibits a new 
mode of action, best explained by engaging an 
alternative receptcx- signaling tissue protection, 
hi this respect, CEPO differs strikingly from 
asialoEPO, v^ch behaves on die molecular 
level exactiy as EPO (P). 



Various sets of experiments widi cells, 
membranes, and EPO receptor constructs show 
that the classical homodimeric (EP0R)2 is not 
the transducer of the tissue-protective effects of 
CEPO. However, the data do not exchide the 
possibility of heteromeric recq}tor complexes 
containing at least one EPO receptor diain (e.g., 
with CD13 1). This would be in agreement with 
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Fig. 3. Neuroprotection by CEPO. (A) Single intravenous injections of CEPO were gh^en 1 hour or 
4 hours after occlusion in a rat model of focal ischemia. Reperfusion was initiated after 60 min, and 
the InfartX volume was measured after 24 hours. Data are means + SO; n = (Insert) 
Representative images of tetraphenyl tetrazollum chloride-stained sections (at 2 mm caudal to 
bregma) showing infarct size. (B) The sciatic nerve of rats (n = 6) was compressed for 1 min and 
CEPO or vehlde was dosed immediately after the crush as a single intravenous bolus. The static 
sciatic Index (SSI) is an indicator of motor function after sciatic nerve injury, and data are expressed 
as percentage versus saline-treated animals. (C) EPO. CEPO. or saline was injected intravenously 
immediately after surgical induction of spinal cord injury and over a period of 6 weeics. as indicated 
by triangles. I^otor function of all animals was evaluated for 42 days, and data are presented as 
means ± SEM; /) = 6. (D) The experiment was performed as in (C), but the dosing of CEPO (10 
\Lg/k^ was delayed by 0. 24. or 72 hours after the spinal cord compression. Injection days are 
marked by triangles. Data are means ± SEM; n = 6. (E) Chronic EAE was induced by I^OC; n = 8. 
The motor deficit was scored on a scale of 0 to 5. Animals were treated for 8 weelcs with CEPO (50 
jig/kg; three times weekly) versus saline. Alternatively, they were left untreated for 10 weeks and 
then dosed for 4 weeks with CEPO as above. (F) Neuropathy in streptozotodn-treated rats. Four 
weeks after induction of the diabetic state, the thermal nociceptive threshold was quantified by 
measurement of the time to paw withdrawal in a *'hot plate" test CEPO (50 ^g/kg) was injected 
subcutaneously three times per week for four weeks. *P < COS; ♦•P < 0.01; < 0.001. 
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TaUe 1. Comparison of EPOR binding, as weQ as henfiatopoietic and neuroprotective properties of different 
valiants of EPO. EPOR binding expe r inie n t s were performed on dmerized Fc-fuslon proteins and measured as 
inhibition of EPO bimfing. Block of UT7 proliferation was measured in the presence of 50 pM EPO and 03 to 
30 nM compound. Ho, less than 10% block od, not detemiined; neurons, rat htppocampal neurons exposed 
to NMDA; P19. murine teratocarclnoma oeUs stressed by senim withdrawal 
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observations that EPO receptor e^qmssion in 
tissues oonelates witii t]ie protective effect of 
EPO (10, 22). Such hetcromeric receptors 
would likely present new binding sites and 
dio^fbre new phannacological characteristics. 

Although the precise means by which 
tissue-protective cytokines signal remain to 
be clariiied, the availability of compounds 
such as CEPO that do not trigger (EP0R)2 
also opens possibilities to distinguish exper- 
imentally between EPO*s tissue-protective 
effects (e.g., antiapoptosis) and its potentially 
detrimental effects [e.g., procoagulant and 
prothrombotic effects (23) within the micro- 
vasculature] and excessive erythropoiesis 
upon chronic dosing. With these compounds, 
it is now possible to trigger EPO-mediated 



tissue-protective pathways without cross-talk 
with the hematopoietic system. 
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Frataxin Acts as an Iron 
Chaperone Protein to Modulate 
Mitochondrial Aconitase Activity 

Anne-Laure Bulteau/ Heather A* O'NeiU.^ Mary Qaire Kennedy^^ 
Masao Ikeda-Salto/ Grazia Isaya,' Luke I. Szweda^* 

Numerous degenerative disorders are associated with elevated levels of pro- 
oxidants and declines in mitochondrial aconitase activity. Deficiency in the 
mitochondrial iron-binding protein frataxin results in diminished activity of 
various mitochondrial iron-sulfur proteins including aconitase. We found that 
aconitase can undergo reversible dtrate^iependent modulation In activity in 
response to pro-oxidants. Frataxin interacted with aconitase in a citrate- 
dependent fashion, reduced the level of oxidant-induced inactivation, and 
converted inactive [3Fe-4S]^'^ enzyme to the active [4Fe-4S]^"^ form of the 
protein. Thus, frataxin is an iron chaperone protein that protects the aconitase 
[4Fe-4S]^'^ cluster from disassembly and promotes enzyme reactWation. 



Aconitase, a Krebs-cycle enzyme that con- 
verts citrate to isocitrate, belongs to the fam- 
ily of iron-sulflir-containing dehydratases 
whose activities depend on an intact cubane 
[4Fc^p* cluster (i, 2). The purified cn- 
^r:- zyme is highly susceptible to oxidant-induced 
inactivation due to release of the solvent- 
exposed Fe-a and formation of a [3Fe-4S]''*' 



cluster (3, 4). Loss of mitochondrial aconi- 
tase activity is an intracellutar indicator of 
superoxide generation and of oxidative dam- 
age in a variety of degenerative diseases and 
aging (5, 5). Nevertheless, aconitase is rap- 
idly inactivated and subsequently reactivated 
when isolated rat cardiac mitochondria are 
treated wilh HJOz* suggesting that aocmitase 



may be an intramitochondrial sensor of redox 
status (7). The presence of the enzyme's sub- 
strate citrate diminishes Fesi release, cluster 
disassembly, and en^me inactivation, and it is 
required for enzyme reactivation (7). However, 
the physiological mechanisms responsible for 
preventing full cluster disassembly and for re- 
duction of the [3Fe-4S]***" center and reinser- 
tion of Fc(n) are unclear (/). 

The mitochondrial matrix protein frataxin 
and its yeast homolog Yfhlp are thought to 
play a role in the storage of iron within 
mitochondria (8-J2) and to promote Fe(n) 
availability (70, 7i, 7^) as one of the com- 
ponents involved in flie maturation of cellular 
iron-suliur-containing and heme-containing 
proteins (13-19). Friedreich's ataxia, a neu- 
rodegenerative and cardiac disorder, is char- 
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EFFECT OF THE INTERACTION BETWEEN 
TRANSFORMING GROWTH FACTOR p AND 
ERYTHROPOIETIN ON THE PROLIFERATION OF 
NORMAL ERYTHROID PROGENITORS AND LEUKEMIC 
UT-7 CELLS: ACTION OF TRANSFORMING GROWTH 
FACTOR jff ON THE ERYTHROPOIETIN RECEPTOR 

B. LEVEQUB^, M. D. NAGBLf AND B. HAYE* 

IMti de RecfurdiM sur k Mode iTActUm Homumak (VRMAHl *Laboratoire de BioehMg. EP CNRS 89. 
^Ldboratoir9 de Physhlogle Animak, UFR Sdenea Exacta $t Naturettes, UniversiU de JUims, France 

SUMMARY 

The actions of transfonning growth factor P (TGFfi) and eiythropoietin (£po) were studied using normal 
eiythroid progenitors from fetal rat liver and spleen at 18, 19 and 20 days. ihTGF^ inhibited the growth 
of late BFUe colonies significantly at each age and in both organs in methylcellulose cultures containing 
2U/nil rhEpo. There was no sigxiificant inhibition of CFUe proliferation, excq>t for spleen CFUe at 18 
days, suggesting different CFUe sensitivities to growth foctors at a given fetal age, 18 days» in liver and 
spleen. The coloiinaetric MTT assay was used to examine the inhibition of the growth of human leukemic 
UT-7 cells by TGF^ L TGF/n inhibited the proliferation of UT-7 cells in cultures without Epo at 24 h and 
in cultures with Epo at 24 and 72 h. The specific binding of [^^^Epo to UT-7 surface was decreased by 
TGF^l without any change in non-specific binding. TQFfil ^lso inhibited the expression of Epo-receptots 
on UT-7 cells, without changing receptor affinity. The inhibition of hematopoietic progenitor cell growth 
by TGFfi could mvolve akering the cell surHeux expression of growdi factor receptors. 

KEY WORDS T0F/?1; erythropoietin; BFUe; CFUe; UT-7; Epo-ceceptor 



INTRODUCTION 

Erythropoiesis is a multistep process involving the sequential diiBferentiatioQ of multipotential 
stem ceUs into at least two subpopulations of erythroid progenitors, erythroid burst-forming 
units (BFUe) and erythroid colony-forming units (CFUe). BFUe generally require erythropoi- 
etin (Epo), interleukin 3 (113), granulocyte-macrophage colony-stimulating factor (GM-CSF)' 
and interlextkin 9 (ll9f in order to develop in semi-solid cultures. In contrast, CFUe colony 
formation depends on Epo alone.^*^ The proliferation and diflferentiation of hematopoietic 
progenitor cells can be modulated by transforming growth factor (TGF^. TGF^l inhibits 
cultures of both fresh progenitor cells and growth factor-dependent hematopoietic cell lines.^ 
TGF/9 may inhibit the entry of cells into the S phase by a mechanism that involves 
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retinoblastoma suppressor gene products.^*^ or by perturbing the expression of growth promot- 
ing factor receptors.^^^ Nevertheless, in spite of die fact that Epo is one of the most weU*studied 
cytokines, no modulation of its receptor density or activity by TCFft has ever been reported to 
our knowledge. 

Keller et aO^ found that TGF^ had a greater inhibitory effect on unmature colonies 
(CFU-GM, CFU-GEMM, BFUe) than on more mature colonies (CFUg, CFUm, CFUe), and 
that murine leukemia cell lines with an immatuze phenotype were more sensitive to TGTp than 
more mature ones. While most authors seem to agiee that TGF^ inhibits murine and human 
BE^e formation/ ^'^^ the findings for its effect on CFUe vary considerably: some observed 
inhibition in humans/^^^ and others none in the mouse/^*'^ Rich and Kubanek,*® Kanamaru 
et al}^ and Rich^^ all obtained evidence for a change in the sensitivity of CFUe to erythropoietin 
during the ontogeny of erythropoiesis m the mouse. We have also observed such (Terences in 
CFUe sensitivity towards glucocorticoids and protein fractions extracted from spleen and liver 
hematopoietic cells at 20 days in the rat.^^"^' 

This study therefore examines the action of TGF)J1 on the prolifeiution of normal erythroid 
progenitors using late BFUe and CFUe from liver and spleen hematopoietic cells in rat fetuses 
aged 18, 19 and 20 days. The objective was to identify diBFerences in the sensitivity of erythroid 
progenitors to TGF^ as a function of age within the same organ and in different organs (the 
liver, with deaeasing erythropoietic potential and the spleen, with increasing erythropoietic 
potential) at the same age. We have also investigated the sensitivity of the human leukemic cell 
line UT-7 to TGF^l. UT-7 is a megakaryoblastic cell Une established from a patient with M-7 
leukemia.^ Its growth is dependent on IL-3 or GM-CSF. and it also responds to Epo.^^ The 
cells are usually grown with GM*CSF» but were deprived of the growth factor for 18 h and 
incubated with or without Epo or TGF^l for 24 or 72 h. The antiproliferative effect otlGFpl 
was estimated by the colorimetiic MTT method and Scatchard plots were used to investigate the 
effect of TGF/?1 on the expression of Epo-receptors. 

MATERIALS AND METHODS 

Animals 

Wistar rats (CF strain from the CNRS) were housed in a constant-temperature room with a 12-h 
day/1 2-h night cycle. They had free access to water and food (UAR commercial rat food). 
Coitus was assessed by the presence of spermatozoa in the morning vaginal smear. In this strain 
of rat, delivery generally occurs during the night between days 21 and 22 of pregnancy or in the 
morning of day 22. 

Growth factors 

Recombinant human Epo (rhEpo) and GM-CSF (rhGM-CSF) were purchased from Amersham 
(Les Ulis, France) and recombinant human TGF^l (rhTGF^l) was from GIBCO-BRL 
(Eragny, France). RhEpo was used at a final concentration of 2 U/xnl, rhGM-CSF at 2 S ng/ml 
and rhTGF^l at 2 ngtol and 10 ng/ml. 

Erythroid colony assays 
Cell suspensions 

Pregnant rats were killed by decapitation. A total of 12-16 of the younger fetuses (18 and 19 
days), from three litters, were used for each experiment, and 6-8 older fetuses (20 days), from 
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two litters, were used per experiment. Fetal spleens and livers were removed aseptically, placed 
in sterile ice-cold alpha medium (Gibco Bio-Cult Ltd) and gently disrupted in a Potter-Elvehjem 
homogenizer with a loose-fitting plastic pestel. The suspension was then filtered throug|i a 
stainless steel sieve (SOfim mesh) which retained particles, connective tissue and parenchyma 
cells. The exact volume was measured and the concentration of hematopoietic cells in the filtrate 
was determined after a five-fold dilution in 2*86 per cent acetic acid solution to temowe anucleate 
red blood cells. 

Erythroid colony cultures 

Erythroid progenitors were cultured on methylcellulose by the technique of Iscove et al?^ as 
modified by Urabe and Murphy. The culture medimn was 1 25 ml 2 per cent methylcellulose 
(A4 M premium, Dow ChemioEd Corp. Colorcon Ltd, England) in alpha medium containing 
rhEpo, 0*2S ml 10 per cent bovine serum albumin (BSA, grade V, Sigma Chemical Co., St Louis, 
MO) in alpha medium, 25 /d 200 mM L-glutamine in water, 25^1 kanamycine (Kanamycine 
solution X 100, Gibco), 25jjl penicillin and fimgizone (antibiotic antimycotic solution x 100, 
Gibco), 0-75 ml heat-inactivated fetal calf serum (FCS) (batch 147 982 02, Boehringer- 
Mannheim, Meylan, France), 50 /il 7-5 per cent sodium bicarbonate m water, 25 /il 
^mercaptoethanol (type I, Sigma Chemical Co., St. Louis, MO). The BSA was prepared and 
deionized according to Murphy and Sullivan.^^ The final concentration of cells was 10^/ml. The 
suspensions were mixed carefuUy, and 0-2 ml samples were distributed in the wells of microtitre 
plates (Falcon Plastics, Oxnard CA, U.S.A.) and incubated at 37'C in an humidified atmosphere 
containing 5 per cent COj. 

Erythroid colonies 

Two-ikiy erythroid colonies. The number of erythroid colonies containing eight or more cells 
after 2 days in culture in each well were counted without staining, as described by Iscove and 
Siebcr.^ These colonies were considered to be CFUe. 

Seven-day erythroid colonies. Some colonies developed in hematopoietic liver and spleen cell 
cultures between days 4 and 7. They gave medium-to-large well-hemoglobinized colonies 
intennediate between BFUe and CFUe. Colonies of over 64 cells were therefore counted and 
designated mature or late BFUe. 

UT-7-cdl cnltnres 

UT-7 cells were usually grown at 37''C in a MEM (ICN Biomedicals, Inc. Costa Mesa, CA, 
U.S.A.) containing 10 per cent (v/v) FCS and 2-5 ng/ml rhGM-CSF in a water-saturated 
atmosphere of 5 per cent CO2 in air. Cells were passaged every 3-4 days. 

UT-7 proliferation assays 

Cells used in proliferation assays were washed three times with a MEM and incubated for 24 h 
in a MEM 10 per cent FCS without GM-CSF, They were plated into 96-well microtitre plates 
at a density of 5 x 10^ cells in 100/^1 a MEM containing 10 per cent FCS. Growth factors were 
added and cultures were incubating for 24 h or 72 h at 37*C and 5 per cent CO2 in air. 
Proliferation was then assessed by a modified version of the colorimetric MTT assay of 
Mosmann.^^ Briefly, 25-/il aliquots of sterilized MTT (3-(4,5-dimethylthia2ol-2-yl)-2,5-diphcnyl 
tetrazolium bromide; Sigma Chemical Co, St Louis, MO) (5 mg/ml bufier/medium) were added 
to each culture-well containing 100 /<1 of ceU suspension at the completion of culture and the 
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Figure 1. The effect of TGF^l on fetal rat liver and spleen CFUe colony formation in 
18-20-day rat fetuses. Hematopoietic cells (1 x 10^/ml) were cultured for 2 days with 
2 U/ml rhEpo in methylccUnlose. Experimental assay media were supplemented with 2 or 
10 ng/mlrhTGF^l. The numbers ofcolonies/20(X) hematopoietic cells are means ± SEM 
of three different experiments in quadniplicatc. Black ban. controls (without TGF/W); 
hatched bars, with 2 ngAnl TGF^; open bars, with 10 ngtel TGF^. 

/KO-OOl 

plates were incubated for 5 h at 37'C. Of 10 per cent sodium dodecyl sulfate (SDS), 100 /<1 were 
then added to each well, mixed thoroughly and incubated for 12 h at 37'C. Plates were read in 
a microplate reader (model £960, Metertech Inc., Bioblodc Scientific, DDdicIi, France) at 
570-630 nm. 

I'^q-Epo binding assays 

The characteristics of the Epo-reoeptor were studied by Scatchard analyses^^ using iodinated 
ligand. Epo was iodinated to a specific activity of 500-2000 Ci/mmol using lodogen.^^ Cells (10^ 
were incubated for 30min at 37"C with various concentrations of ['"l]-Epo in 100 ;il Iscove's 
modified Dulbecco medium containing 5 per cent PCS and 01 per cent sodium azide. The cells 
were then centrifuged and aliquots of the supematants were used to determine the free hormone 
concentrations. The cells were washed three times with ice-cold phosphate-buffered saline (PBS) 
and the radioactivity bound to the cells was measured. Non-spedfic binding was determined by 
incubating the cells with a 100-fold excess of unlabelled ligand. Spedfic binding was determi- 
nated by subtracting the non-specific from the total binding. Equilibrium binding data were 
analysed by the Scatchard method. 

Statistical analysis 

Student's /-test was used for statistical analysis. 

RESULTS 

Inhibition by rhTGF^ of CFUe and BFUe colonies in metbylceUnlose cultures of hematopoietic 
liver and spleen cells from rat fi^nses ^ed 18, 19 and 20 days 

The effect of rhTGF^l on normal erythroid progenitors from rat fetus liver and spleen was 
assessed. Hematopoietic progenitor cultures were grown at 3TC with an optimal concentration 



TGFB^PO INTERACTIONS 141 

40-, UVER SPLEEN 




Figure 2. The effect of TGFfil on fetal rat liver and spleen late BFUe colony formation 
in 18-2(>-<iay rat fetuses. Hematopoietic cells (I x lO^ml) were cultured for 7 days with 
2 U/ml rhEpo in methylcelMose. Experimental assay media were supplemented with 2 
or 10 ng^ vhTGFfil. The numbers of colonies/2000 hematopoietic cells are means ± 
SEM of three different experiments in quadruplicate. Black bars, controls (without 
TGTfil); hatched bars, with 2ngtel TGF^l; open bars, with 10 ng/^ TGFfil. 
♦j><0-05; ♦*/?<0-01; **V<0-001 



of rhEpo (2 U/ml). The effect of rhTGF^l concentration (0, O'l, 1, 1-5, 2, 10 and 20ng/ml 
rhTGF)91) on the response was measured in quadruplicate on liver and spleen BFUe at 18 days. 
Optimal inhibition of 18-day liver and spleen BFUe colony formation was obtained with 1 ngM 
or more rhTGF^l (data not shown). Experimental cultures thereafter contained 2 or 10 ng/ml 
rhTGFjW. The number of CFUe colonies in controls (without TGF^l) and in experimental 
cultures (with TGF^l) arc shown in Figure 1. The formation of CFUe from 18-day spleens was 
mhibited (304 per cent with 2 ng^ml rhTGF^l and 30 0 per cent with 10 ng/ml rhTGF^l). The 
proliferation of CFUe colonies from the spleens of 19- and 20-day-old rat fetuses and from the 
rats livers were not significantly inhibited, and 2 ng/ml and 10 ng/ml vhTGFfil have the same 
inhibitory effect. 

In contrast, the proliferation of all the BFUe decreased significantly when incubated with 
rhTGFyJl (37-4-51 -5 per cent inhibition) at all the ages tested and for both liver and spleen 
cultures (Figure 2). As for CFUe, all the concentrations of TOF^Jl used produced similar 
degrees of inhibition. 

Actions of rfaEpo and rfaTGF/n on the proliferation of the human leukemia ceQ line UT-7 
UT-7 cells were usually grown with GM-CSF and placed in a MEM phis 10 per cent FCS 
without any growth factor for 18Ji. No significant cell death resulted from this period of 
deprivation and a CFUe assay indicated that the FCS had no erythropoietin activity (data not 
shown). The UT-7 cell control cultures were distributed in microtitre plates: 100 //I cell 
suspension in a MEM plus 10 per cent FCS containing S x 10' cells with or without 2 U/ml 
rhEpo. The experimental wells also contained 2 or 10 ng/ml rhTGF^l, which were found to be 
optimal doses. 
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Figure 3. The effect of TGF^l on the growth of UT-7 cells. UT-7 cells (5 x 10^/100 juJ) were 
cultured in a MEM plus 10 per cent PCS with or without 2 U/mJ rhEpo in 96-well microtitic 
plates. Experimental assay media were supplemented with 2 or 10 ng/ml rhTGF/?l. Prolifer- 
ation was measured after growth for 24 or 72 h by the colorimetric MTT method (absorbance 
at 570-630 nm). Data (JOD) are expressed as means ± SEM of three or four experiments in 
quadruplicate. Black bais, controls (without TGF^l); hatched bars, with 2 ng/ml TGF^l; 
open bars, with 10 ng/ml TGF^l . 

♦p<0 05; **p<0'OV, ♦•*p<0 00l 



The control level was estimated at 0 h and proliferation was measured for 24 and 72 h; the 
cells were then treated with MTT. UT-7 cells incubated for 24 h without Epo had grown 
moderately (Figure 3a) and their proliferation was stimulated by Epo (Figure 3b). TGF^l 
inhibited the proliferation of UT-7 cells in cultures with or without Epo. Both 2 ng/ml and 
10 ng^ rhTGF^l produced similar degrees of inhibition. However, TGF/?1 had a greater effect 
at 24 h in cultures without Epo than in cultures with Epo. The growth of UT-7 cells after 72 h 
with Epo (Figure 3c) was dramatically increased, and TGFpl had roughly the same degree of 
inhibition as for cells cultured with Epo for 24 h (Figure 3b). Therefore, the interaction of Epo 
with TGFjSl partially inhibited proliferation, as compared to the action of TGF^l alone. 

For comparison, the effect of TGF^l (2 ng/ml) was assayed on UT-7 cells grown in GM-CSF 
experiments. Growth was inhibited by 2-7 ± 0-7 per cent at 24 h, 27-4 ± 0*2 per cent at 48 h and 
34 l±0-5 per cent at 72 h. 

Action of rhTGF^ on the expression of Epo-receptors in UT-7 oelb 

The binding of [^^^IJEpo to UT-7 ceUs with and without TGFfil is shown in Figure 4. More 
[^^^I]Epo was specifically bound to cells deprived of GM-CSF than to the negative control 
TGFfil inhibited specific [^^I]Epo-binding significantly, without any effect on non-specific 
binding. The UT-7 cells bound Epo specifically and binding reached equihbriiun by 30 min (data 
not shown). The equilibrium constants of Epo binding to UT-7 were determined by Scatchard 
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Rgure 4. The efifects of TGF^l on Epo binding to UT-7 cells. UT-7 oeUs were incubated for 18 h 
without GM-CSF, in the piesence or absence of TGFpl (4 ng/ml), and treated as described in 
Materials and Methods. Cells mcubated with GM-CSF are negative controls of Eporeceptor 
expression. Data are means ± S£M of three independent experiments in triplicate. Black bars» 
total binding; hatched bars, noD*speclfic binding; open bars, spedfic binding. 
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analysis. UT-7 cells grown with GM-CSF gave a straight-line Scatchard plot, indicating a single 
class of high-affinity binding sites. There were 1265 ± 300 receptors per cell with a dissociation 
constant of 160 db 20 pmol/1 (Figure 5). UT-7 cells deprived of GM-CSF for 18 h had 
significantly more sites per cell (4790 ±30), but the dissociation constant was unchanged 
(169 ± 13 pmol/1) (Figure 5). These results arc in agreement with previous observations.^^ 
Incubation with TGF^l (4 ng/ml) for 18 h (Figure 5) reduced the average numbeir of Epo- 
receptors to 2S44 ± 286/cell, without significantly affecting the receptor affinity (dissociation 
constant: 179 ± 46 pmolA). 



DISCUSSION 

The BFUe, which are less mature progenitors than CFUe, are present in the liver and spleen of 
rats at the end of intrauterine life and are sensitive to rhTGF^l. In contrast, CFUe from the 
same fetuses do not seem to react to rhTGFjSl, except for spleen cultures from 18-day fetuses. 
This suggests that there are diiferent CFUe populations, having different sensitivities towa:rds 
growth factors, depending on the age of the fetus and the particular organ. This is in agreement 
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Figure 5. Scatchard analysis of TGF/?1 -induced down-regulation of Epo-rcceptora on UT-7 
cells. UT-7 cells usually grown with 2-5 ng/ml GM-CSF (O) were incubated at 37*C for 18 h 
without any growth factor (•), or with 4 ng/ml rhTGF-^1 (□), Increasing concentrations 
of radioiodinated Epo were added to 1 x 10^ cells in 100^1 binding medium, and specific 
Epo binding was determined as described in Materials and Methods. Equilibrium binding 
data were analysed by Scatchard's method. Data are repiesenutive of three separate 
experiments 



with reports of different CFUe sensitivities toward Epo,^®"^ glucocorticoids and protein 
fractions extracted from hematopoietic cells^'^^ in the fetus* The effects of TGF/f are pleiotropic 
and may depend in particular on the stage of differentiation, the inunediate environment, cell 
lineage and the presence of other cytokines.^^ Dydebal and Jacobsen^ demonstrated recently 
that TGF/7 directly inhibits murine erythroid colonies and that several erythroid stimulators 
counteract its inhibition of BFUe. 

TGF^ also significantly inhibits the Epo-induced proliferation of UT-7 cells as early as 24 h, 
but the inhibition is not much greater at 72 h. For comparison, the GM-CSF-induced 
proliferation of UT-7 cells is not significantly inhibited before 48 h, but TGF^l inhibits Epo and 
GM-CSF-induced proliferation to about the same degree. TGF)91 (2 ng/ml or 10 ng/ml) inhibits 
UT-7 proliferation in the same way as normal hematopoietic progenitors. This inhibitory effect 
was reduced in the presence of Epo (2 U/mO« indicating that there is an interaction between 
TGF^l and Epo in UT-7 cells. Since TGFiSl is a selective inhibitor of primitive hematopoietic 
iu!5,3s njj^j ^ ^ multipotential progenitor factor-dependent ceQ line rather than 
a committed cell line. 

The antiproliferative effect of TGF^ on honatopoietic progenitor ceOs could be due to a 
change in the number of CSF receptors and/or their aflSnity. The expressions of GM-CSF, 113, 
G-CSF, 111 and SCF receptors all appear to be altered by TGF^l .^^^ Scatchard plots were used 
to study the action of TGFfil on the number of Epo-receptors on UT-7 cells. TGF^n inhibits 
only the specific binding of Epo to UT-7 cells. And TGFjJl seems to reduce the number of 
Epo-receptors on the UT-7 cell surface without affiscting the receptor aflSnity. TGFfil had a 
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similar action on the Epo-receptors at the surface of UT-7 cells as it does on other cytokine 
receptors.^^^^ This action on CSF-receptor expression could be due to a general inhibitory 
eifect of TGFfi, because the modulation of CSF receptor expression is closely correlated with its 
efifects on cell proliferation, but the regulation of progenitor cell growth by TGF^ need not alter 
the number of CSF receptors.^^ Further studies will undoubtedly provide a better understanding 
of the way TGF/?1 operates. 
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Treatment of traumatic brain injury in rats with 
erythropoietin and carbamylated erythropoietin 
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Object. This study was designed to investigate the neuroprotective properties of recombinant erythropoietin (EPO) 
and caibamylated eiythropoictin (CEPO) administered following traumatic brain injury (TBI) in rats. 

Methods. Sixty adult male Wistar rats were injured with controlled cortical impact, and then EPO, CEPO, or a place- 
bo (phosphate-buffered saline) was injected intraperitoneally. These injections were perfomicd either 6 or 24 hours after 
TBI. To label newly regenerating cells, bromodcoxyuridine was injected intraperitoneally for 14 days after TBI. Blood 
samples were obtained on Days 1, 2, 3, 7, 14, and 35 to measure hematocrit. Spatial learning was tested using the Morris 
water maze. AU rats were killed 35 days after TBL Brain sections were immunostained as well as processed for the 
enzyme-linked immunosorbent assay to measure brain-derived neurotrophic factor (BDNF). 

Results. A statistically significant improvement in spatial learning was seen in rats treated with eitfier EPO or CEPO 
6 or 24 hours after TBI (p < 0.05); there was no difference in the effects of EPO and CEPO. Also, these drags were 
equally effective in increasing the number of newly proliferating cells within the dentate gyrus at both time points. A 
statistically significant increase in BDNF expression was seen in animals treated with both EPO derivatives at 6 or 24 
hours after TBI. Systemic hematocrit was significantly increased at 48 hours and 1 and 2 weeks after treatment with 
EPO but not with CEPO. 

Conclusions. These data demonstrate that at the doses used, EPO and CEPO are equally effective in enhancing spar 
tial learning and promoting neural plasticity after TBI. (OOI: 10,31 71/JNS'07/OS/0392) 

Keywords • carbamylated erythropoietin • erythropoietin • hematocrit • rat • 
traumatic brain ii\jiiry 



TRAUMATIC brain injury remains a major health prob- 
lem, and despite all the leseardi, no effective thera- 
py is available to r^air biostructural damage fol- 
lowing this type of injury. The incidence of patients with 
closed head injuries admitted aimually to hospitals is 200 
per 100,000.20 

To develop an effective therapy for TBI, extensive re- 
search is being conducted, and the recent focus has been to 
enhance endogenous neuroplasticity by using cell therapy 
or pharmacotherapy.^'^'^'" Agents that have shown prom- 
ise in treating neural injury include EPO and its deriva- 
tives.2^ A cytokine that is produced by the kidney, EPO has 
hormonal action to increase red cell mass in response to tis- 
sue hypoxia. However, recent research has shown that in 
addition to being hematopoietic, EPO is also tissue protec- 



Abbreviations used in this paper: BDNF = brain-derived neu- 
rotrophic factor; BrdU = bromodcoxyuridine; CEPO = carbamylat- 
ed eiydiropoietin; ELiSA = enzyme-linked immunosorbent assay; 
EPO = eiythropoietin; PBS = phosphate-buffered saline; TBI s trau- 
matic brain injury. 
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tive, through interaction with different recepton. In partic- 
ular, EPO is neuroprotective after a variety of neurological 
insuits.*'^^'*^^''^-^ Nevertheless, witii continuous dosing die 
hematopoietic effect of EPO can be potentially deleterious 
when used clinically due to induction of polycythemia. 
This has led to development of chemical derivatives of 
EPO such as CEPO, which is neuroprotective but not he- 
matopoietic." 

The hematopoietic effects of EPO are rt^diated by the 
homodimeric erythropoietic receptor EPORj, which is a 
Class I cytokine receptor." Nevertheless, die receptor com- 
plex mediating HPO's neuroprotective action is different 
and is functionally related to other cytokine receptors such 
as CD131. The CEPO molecule does not bind witii die ho- 
modimeric eiythropoietic receptor and lacks hematopoietic 
properties, but CEPO has been shown to be neuroprotec- 
tive against stroke, spinal cord compression, diabetic n«i- 
ropathy, and experimental autoimmune encq)halomyelitis. 
Its efficacy against TBI, however, has not been investigat- 
ed. In fact, diere are limited data on die use of die entire 
family of erythropoietic agents for treatment of TBI.^^** 

Our study was designed to investigate the functional, his- 
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tological, and molecular effects of EPO and CEPO admin- 
istration after TBI in rats. Hie effects of EPO and CEPO 
v/m compared with eadi other as well as with control. 

Materiab and Methods 

All procedures were approved by Henry Ford Hospital's Institu- 
tional Animal Care and Use Conunittee. 

Recombinant EPO and CEPO 

For this study we used recombinant EPO (^)oidn Alfa, PRO- 
CRTT; 5000 U/kg) provided by Ortho Biotech, Inc., and CEPO 
(50 lig/kg) prepared according to published protocols by Ccntocor, 
Inc. Hiese compounds were injected intraperitoneally into rats. Dos- 
es were selected based on our prior studies with EPO^ as well as 
studies in stroke." 

Animal Model and Injection of Recombinant EPO and CEPO 

A controlled coitica} impact model in rats was used.^ Sixty male 
Wistar rats were anesthetized with 10% chloral hydrate administered 
intraperitoneally. Rectal temperature was controlled at 37'C with a 
feedback-regulated water-heating pad. A controlled cortical impact 
device was used to induce the injury, as has been described previ- 
ously. Briefly, the rats were placed in a stereotactic frame, and two 
lO-mm-diameter craniotomies were performed adjacent to the cen- 
tral suture, midway between lambda and bregma. The contralateral 
araniotomy allowed for movement of cortical tissue laterally.^* The 
dura mater was kept intact over the cortex. Injury was induced by 
impacting the left (ipsilateral) cortex with a pneumatic piston con- 
taining a 6-mm-diameter dp at the rate of 4 m/second and 2.5 mm of 
compression. Velocity was mea^ued with a linear velodty displace- 
ment transducer. 

At 6 or 24 hours after TBI. the rats were reaneslhetized for drug 
administration. The dmg was slowly injected intraperitoneally witii 
a 1-ral syringe. Control animals received an injection of PBS only. 
Two different drugs were used and the 60 animals were divided into 
six groups of 10 each, as follows: Group 1, TBI with EPO injection 
at 6 hours; Group 2, TBI widi CEPO injection at 6 hours; Group 3, 
TBI with PBS injection at 6 hours; Group 4, TBI with EPO injection 
at 24 hours; Group 5, TBI with CEPO injection at 24 hours; and 
Group 6, TBI witii PBS injection at 24 hours. Ail animals received 
BrdU injections for 14 days after TBI, and all rats were killed 35 
days postinjury. 

Hematocrit Measurement 

Blood samples were taken on Days 1, 2, 3, 7, 14, and 35. Hemat- 
ocrit was measured in all animals. 

Morris Water Maze Test 

Hie rats* spatial learning was tested using the Monis water maze, 
which is a modification of the previously described test.*^ The exper- 
imental apparatus consisted of a circular water tank that was 140 cm 
in diameter and 45 cm hi^. An invisible platform 15 cm in diame- 
ter and 35 cm high was placed 1 .5 cm below the surface of the water, 
which was maintained at a temperature of 30*C. The pool was locat- 
ed in a large testing room where there were many clues external to 
the maze (for example, pictures, lamps, and so forth); these clues 
were visible from the pool and were presumably used by the rats for 
spatial orientation. Ihe position of the clues remained unchanged 
throughout the test Data collection was automated using the HVS 
Image 2020 Plus Tracking System (US HVS Image). For descriptive 
data collection, the pool was subdivided into four equal quadrants 
fcmned imaging lines. 

Spatial learning was tested toward the end of the study (Days 
31-35) because the neurorestorative processes of neurogenesis, 
angiogenesis, and synaptogenesis require certain time periods to be 
clinically evident'^'' Four trials were performed each day with each 
rat At the start of each trial, tiie rat was placed randomly at one of 
four fixed starting points, randomly facing either toward the wall or 



the center of the pool (designated North, South, East, and West) and 
allowed to swim for 90 seconds or until it found the platform. The 
platform was placed in a randomly changing position widiin the 
northeast quadrant throughout the test period (for example, equidis- 
tant fiom the center and edge of the pool, against the wall, near die 
center of die pool, or at die edges of the northeast quadrant). Thus the 
ardmal leams to search extensively in the correct quadrant, because 
die platform is located somewhere within the northeast quadrant, 
although its precise location cannot be predicted. 

Given the fixed placemmt of the platform, once they leam the 
location, the rats do not need to spend much time searching die quad- 
rant, and when the platform is removed for the occasional brief probe 
trial, the animal quickly discovers its absence and may spend only a 
small amount of time searching for it again in that location. More- 
over, the malad^tivc preservative performance can increase the per- 
centage of time an animal spends in the vidnity of the location from 
which a fixed-location platform has been removed during a probe 
trial 

During diis test, if the animal found the platform, it was allowed 
to remain there for 15 seconds before being returned to its cage. If 
the animal was unable to fmd the platform within 90 seconds, the 
training was terminated and a maximal score of 90 seconds was 
assigned. The percentage of time traveled within die northeast (cor- 
rect) quadrant was calculated relative to the total amount of time 
spent swimming before readung the platform. 

Brain Sample Preparation 

Brain tissues obtained in five of the rats from each group were 
processed for preparation of paraffin-embedded sections, which 
were used for die histological evaluation and immimostaiiung analy- 
sis procedures, and die brain tissues of die remaining five rats were 
frozen for EUSA evaluations. 

fmmunohistochemical Studies 

Immunohistochemica] staining was performed on coronal cere- 
bral samples. Brain sections were inununostained with diaminoben- 
zidine to detect BrdU-positive cells in the dentate gyrus. Briefly, 
6-|JLm-thick sections from die EPO-, CEPO-. and PBS-treated groups 
were deparaffinized and placed in PBS. For identification of BrdU- 
positive cells, the sections were placed in 50% formamide in 2 X 
standard saline citrate at 65'C for 30 minutes. The sections were then 
treated witii 2 N HCl at 37'C for 10 minutes, and then with 0.1 M 
boric add at room temperature for 3 minutes. After blocking in 
normal serum, sections were treated witii primary antibody (BrdU, 
DAKO) at 4*C overnight. After sequential incubation with biotiny- 
lated anti-mouse antibody at room temperature for 30 minutes, sec- 
ti(»is were treated witii an avidin-biotin-peroxidase complex kit 
(Vector Laboratories, Inc.). The diaminobenzidine was tiien used as 
a sensitive chromogen for light microscopy. 

Estimates of Positive Cell Numbers 

The brains were cut in a craniocaudal direction into seven blocks 
labeled A tiirough G, and tiiree sections from eadi animal were stud- 
ied. The BrdU-positive cells were identified in die brains of rats 
recdving EPO, CEPO, or PBS treatment by using light microscopy. 
Tliis ceUuiaor analysis was performed on block E or F, both of wtddti 
contain dentate gyrus. Total numbers of BrdU-sensitive cfaromogen- 
positive cells in tiie rat brain sections were identified widi a X 40 
objective lens under light microscopy. 

Enzyme-Linked Immunosorbent Assay 

Brain tissues obtained in five animals from each group were used 
for BDNF analysis. Ftx* diis die ipsilateral hemisphere was removed 
and processed for die ELIS A according to die procedure specified in 
die EUSA kits ((Jiiantikine— BDNF, R&D Systems, Inc.). These 
kits have die sensidvity to detect a factor concentration as low as 
1 pg/ml. The brain tissue was homogenized in Iscove modified Did- 
becco medium and centrifuged at 1000 rpm at 4*C. The supernatant 
was hfflvested for die quantitative analysis of BDNF. The EUSA 
was performed using the Titeitek Multiskan MCC/340 equipment 
(Labsystems, Firdand). 
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Statistical Analysis 

Data were analyzed using analysis of variance for multiple com- 
parisons. Paired t-tests were used to test the difference in the cell 
counts and BDNF levels amorig different groups. 

Results 

Enhanced Restoration of Spatial Learning 

The pCTcentage of time spent in the correct quadrant dur- 
ing the water maze test was significantly higher in both 
EPO and CEPO-treated animals tiian in PBS-treated con- 
trol animals (Fig. 1). This effect was apparent regardless 
of whether the treatment was administered 6 or 24 hours 
after TBI, and ifam was no difference between the effects 
of EPO and CEFO. These data demonstrate that EPO and 
CEPO administration reduces the dysfunction of spatial 
learning caused by die brain damage in this model. 

Increased Nund^er of BrdV -Labeled Cells in the Brain 

The BrdU-positive cells, which are an index of new cei> 
lular proliferation, were counted in the dentate gyrus (Fig. 
2). Treatment with EPO and CEPO significantiy enhances 
tiiis cellular proliferation in die dentate gyms (Fig. 3). The 
number of BrdU-positive cells was slighdy greater when 
the treatment was administered 6 hours after injury than 
when it was administered 24 hours after TBI; however, the 
difference was not statisticaUy significant. Also, there was 
no significant difference between the effects of EPO and 
CEPO. 

Increase in Hematocrit After EPO but not CEPO 
Treatment 

Rats injected with EPO at 6 or 24 hours after TBI 
showed an increase in hematocrit at 48 hours, 1 week, and 
2 weeks after treatment (Fig. 4), However, fliis effect was 
no longer apparent at S weeks after treatment. On the other 
hand, CEPO had no effect on hematocrit 

Enhanced BDNF Expression 

Treatment with EPO as weU as CEPO administered 6 or 
24 hours after TBI increased the expression of BDNF (Fig. 
S); however, there was no significant difference between 
die effects of EPO and CEPO. 
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Pko. 1. Plots showing the temporal profile of the pocentage of 
time spent (mean ± standard deviation) in the correct quadrant of 
the water maze in rats with EPO and CEPO treatment at 6 (upper) 
and 24 hours (lower) after TBL The percentage of time spent in die 
correct quadrant was significandy higher (p < 0.05) in the animals 
diat received either EPO or CEPO compared with the controls. 
Asterisks denote significant probability values for EPO- or CEPO- 
treated groups compared widi die saline-treated group, d = day. 



Discussion 

The results of this study demonstrate that EPO and 
CEPO are equally effective in improving spatial learning, 
in stimulating endogenous cellular proliferation, and induc- 
ing BDNF ejq)ression after TBI in rats. To sttidy die diera- 
peutic window, treatments were administered at two time 
points, 6 and 24 hours after TBI. Our results showed no 
fimctional, histological, or molecular differences between 
6- and 24-hour treatments, indicating diat treatment can be 
administered at least 24 hours after TBI. 

Erythropoietin is known to be produced either in die fetal 
liver or adult kidney in response to tissue hypoxia. 
However, Tan and colleagues^ have shown that it is pro- 
duced in many other organs besides the liver and kicfiiey, 
such as die lung, spleen, testis, heart, and brain. Subsequent 
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research showed that EPO receptors are expressed in many 
areas of the brain,^ including the cortex, hippocampus, mid- 
brain, and endothelial cells. It also became evident diat 
ischemia increased EPO expression in the brain,^-^ sug- 
gesting a physiological role for ttiis molecule. 

Widi die identification of neuroprotective prq)erties of 
EPO,^*8 attempts were made to develop synthetic deriva- 
tives of diis agent that possess its tissue-protective proper- 
ties but are devoid of its hematopoietic effects." This led to 
the development of CEPO. The plasma pharmacokinetic 
parameters for CEPO are in die same range as EPO, and its 
distribution into cerebrospinal fluid is equivalent to that of 
EPO. Our data demonstrate tiiat EPO and CEPO have com- 
parable efficacy in improving spatial memory after TBI. 
We also found diat EPO and CEPO have comparable effi- 
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FIc. 2. Photomicrographs showing the fluotescent staining for BidU to identify the newly generated cells (arrows) in 
the dentate gyrus of the ipsilateral hemispheres of die saline4reated (aX EPO-treated (b). and CEPO-txeated (c) cats 24 
hours after TBI. Bar = 50 p.. 



cacy in promoting endogenous cellular proliferation in the 
dentate gyrus. We selected dentate gyrus for cellular analy- 
sis because of the in^ortant role it plays in spatial learning, 
and because EPO has been shown to induce cellular prolif- 
eration in Ais tissue.** ITiese effects on cellular prolifera- 
tion may well be responsible for enhancement of spatial 
learning. We also investigated the effect of BPO and CEPO 
on die expression of BDNF. Neurotrophic factors are es- 
sential for neural regeneration and repair after a host of 
neurological insults.'* Studies of cerebral ischemia have 
shown induction of BDNF after EPO treatment.^ Our data 
show that both EPO and CEPO increase the production of 
BDNF in the injured brain. 



In addition to promoting regeneration of new cells, EPO 
derivatives can also exert a neuroprotective effect by more 
than one mechanism, and thereby enhance the survival of 
existing neurons. Because EPO has a well-known anti^p- 
totic action on the erythroid precursors in the bone marrow, 
it is intuitive to hypothesize that it has similar effects on the 
neurons." Investigations have been conducted in ischemia 
studies to evaluate whether the apoptotic effect of EPO is 
mediated via the BCL-2 family of antiapoptotic proteins. 
This agent has been shown to upregulate BCL-XL mRNA 
and protein expression in cultured neurons,^ and in vivo in- 
fusion of EPO in ischemic gerbils caused increased expres- 
sion of BCL-XL mRNA and protein in the hippocampus.^ 
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Fig. 3. Bar graphs showing the density of BrdU-labeled cells in 
the dentate gyrus of rats with EPO and CEPO treatment adminis- 
tered at 6 (upper) and 24 (lower) hours afto* TBI. Asterisks denote 
significant probability values for EPO- and CEPO-treated groups 
compued with the ssdine-treated group. 
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Ro. 4. Plots showing the temporal profile of systemic hemat- 
ocrit in rats with EPO and CEPO treatment administered at 6 
(upper) and 24 (lower) hours after TBI. See lower panel for expla- 
nation of symbols, h = hours; pre = pretreatment; w = weeks. 
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Rg. 5. Bar graph showing the BDNF levels in the ipsilateral 
hemisphere in rats with EPO and CEPO treatment administered at 
6 and 24 hours after TBI. Asterisks denote significant probability 
vahies for EPO and CHPO-Created groups cxnnpaied with the sa- 
line-treated group. 



It is also known that EPO increases intracellular calcium 
in neuronal cells,^^ which in turn leads to a sustained in- 
crease in neuronal nitric oxide production. Nitric oxide in- 
hibits caspase functions, which are mediators of apopto- 
sis.^^ This increase in intracellular calcium may also block 
glutamate-induced neurotoxicity^' Erythropoietin may also 
upregulate enzymes diat scavenge oxygen radicals as well 
as downregulate enzymes that consume large amounts of 
adenosine tr^hosphaite; for example, polyadenosine ribose 
polymerase.'^*^ In addition to reducing neuronal loss by in- 
hibiting apoptosis, EPO provides neuroprotection by re- 
ducing the inflanmiatory response following brain injury." 
(The inflammatory response following brain injury signif- 
icantly augments the neuronal damage.) In the focal ce- 
rebral ischemia model in rats, exogenous administration 
of EPO markedly reduced the influx of inflammatory cells 
into the injury zone, thereby attenuating the production 
of proinflammatory cytokines, subsequently resulting in a 
much smaller volume of injury. 



Conclusions 

Although the detailed mechanisms by which EPO and its 
derivative molecules promote neural recovery remain to be 
fully defined, molecules that retain the neuroprotective 
properties of EPO but separate the hematopoietic eff"ects 
may be desirable as potential therapies for TBI. Neverthe- 
less, the designation of a preferred ag^t must await the 
outcome of clinical studies aimed at defining the optimal 
dose as weU as investigating the efficacy and safety of these 
molecules in the targeted patient populations. 
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Chronic treatment with oslalo erythropoietin (ASIALOEPO) or carbamylated erythropoietin (CEPO) Improved motor behavior 
and reduced motoneuron loss and astrocyte and microglia activation In the cervical spinal cord of wobbler mice, an animal 
model of amyotrophic lateral sclerosis, but had no effect on hematocrit values. ASIALOEPO and CEPO, like the parent conrv 
pound EPO, protected prlmaiy motoneuron cultures from kainate-lnduced death In vitro. Both EPO receptor and the common 
CDIdl p chain were expressed In cultured motoneurons and In the ontertor horn of wobbler mice spinal cord. Our results strongly 
support a role for the common p chain CD131 In the protective effect of EPO derivatives on motoneuron degeneration. Thus 
CEPO, which does not bind to the classical homodimeric EPO receptor and is devoid of hematopoietic activity, could tDe ef- 
fective in chronic treatment aimed at reducing motoneuron degenerotton. 
Online oddress: http://www.m0lmed.0r9 
doi: 10.21 19/2006-00045.Menn!ni 



INTRODUCTION 

Amyotrophic lateral sclerosis (ALS) is 
a degenerative disease of the upper and 
lower motoneurons leading to progres- 
sive motor dysfunction and death within 
3 to 5 years from diagnosis (1). At pres- 
ent, the only drug approved by U.S. Fed- 
eral Drug Administration for treatment 
of ALS patients is liluzole^ which slightly 
prolongs patients' survival without clear 
effects on neurological symptoms (2,3). 
Thus the search for new therapeutic 
agents is greatly encouraged. 

Erythropoietin (EPO), a hematopoietic 
growth factor^ is neuroprotective m dif- 
ferent models of neurodegenerative dis- 
ease, including experimental autoim- 
mune encephalomyelitis (EAE) (4,5), 
cerebral ischemia (6), and diabetic neu- 
ropathy (7). Its mechanism of action is 
not completely understood: in addition 



to its anti-apoptotic effect (6) EPO in- 
hibits CNS inflammation (4,8), enhances 
neurogenesis in animal models of stroke 
and EAE (9,10), and augments BDNF ex- 
pression in vivo and in vitro (941)- 

We have previously reported that in 
vitro EPO protects cultured motoneurons 
from serum-BDNF deprivation or long- 
term kainate exposure (6). The latter is a 
model of chronic excitotoxicity, used for 
in vitro studies because motoneurons are 
selectively vulnerable to activation of the 
AMPA receptor (12). 

Because chronic administration of EPO 
results in an increase of the hematocrit— 
which could have imdesirable effects, 
for instance by increasing the risk of 
duombosis — different nonerythropoietic 
molecules derived from EPO have been 
designed that retain die neuroprotective 
activities of EPO. One of these molecules. 



carbamylated EPO (CEPO), has proven 
effective in animal models of stroke, 
EAE, spinal cord injury, and diabetic 
neuropathy (13). UiJike EPO, CEPO does 
not bind the classical homodimeric EPO 
receptor (EPOR) (13), and its neuropro- 
tective action appears to require the com- 
mon p chain of IL-3/IL-5/GM-CSF re- 
ceptor (also known as CD131) (14), 
whidi can functionally associate with 
EPOR (15). Another nonerythropoietic 
EPO derivative is asialo erythropoietin 
(ASIALO-EPO), which, although it binds 
to the classic homodimeric EPOR, has a 
short half-life in vivo and does not in- 
crease the henuttocrit (an activity that re- 
quires persistent circulating levels of 
EPO) but also retains neuroprotective ac- 
tivities in vivo (16). 

In the present study, we extended the 
in vitro studies on motoneuron cultures 
to ASIALO-EPO and CEPO, and tested 
the effect of treatment in an animal 
model of ALS, the wobbler mouse (17). 
The wobbler mouse carries a mutation 
of Vps54 (18), a gene encoding for a 
vacuolar-vesicular protein-sorting fac- 
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tor involved in vesicular trafficking, 
and is sensitive to treatments with rilu- 
zole (19) or neurotrophins such as 
BDNF (20), and thus is a useful animal 
model to test the effect of EFO analogs. 
The results suggest the possible in vivo 
relevance of the protective effect of EPO 
derivatives in preventing motoneuron 
degeneration. 

MATERIALS AND METHODS 

Materials 

Brain-derived neurotrophic factor 
(BDNF) was a kind gift of Amgen 
(Thousand Oaks, CA, USA). Neuiobasal 
medium, B27 supplement, and horse 
serum were obtained £rom Life Technolo- 
gies, Gibco (Milan, Italy); glutamine from 
Seromed (Milan, Italy); and trypsin, 
bovine serum albumin, and poly-DL- 
omithine from Sigma (Milan, Italy). 
Anti-nonphosphorylated neurofilament 
monoclonal antibody (SMI 32) was ob- 
tained from Stemberger Monoclonals 
(MD, USA); anti-IL-3/R P (sc 679) poly- 
clonal antibody (raised against a peptide 
mapping at ttie N-tenninus of the mouse 
IL-3 receptor p chain), anti-EPOR poly- 
clonal antibody (sc-5624, against the 
N-terminus residue of human EPOR), 
and the sc-679 blocking peptide were ob- 
tained from Santa Cruz Biotechnology 
(CA, USA). Kainate was obtained from 
Tocris (Milan, Italy), and DPX moimtant 
from BDH Laboratory. Vectastain ABC 
kit was obtained from Vector Laborato- 
ries (Burlingame, CA, USA). Recombi- 
nant human (ih) EPO was obtained from 
Ortho Biotech (Raritan, NJ, USA); 
ihCEPO and ihASIALO-EPO were syn- 
thesized as described earlier (13,16). 

Animal Experiments 

Procedures involving animals were 
conducted in conformity with the institu- 
tional guidelines that comply with na- 
tional (D.L. no. 116) and international 
(EEC Council Directive 86/609; NIH 
Guide for the Care and Use of Labora- 
tory Animals) laws and policies. 

Homozygous wobbler mice and 
healthy litteraiates (NFR/wr strain; NIH, 



Animal Resources, Bethesda, MD, USA) 
were bred at Charles River Italia (Calco, 
Lecco, Italy). At arrival, the animals were 
housed in group cages containing 2 to 3 
wobbler and 2 to 3 control mice under 
standard conditions (22 ± 1 ^C, 60% rela- 
tive humidity, 12-h light/dark schedule) 
had free access to food (Altromin, MT, 
Rieper) and water. Mice with heavy 
motor impairment had food available on 
the bottom of the cage and water bottles 
with long drinking spouts. After clear di- 
agnosis of disease at 3 weeks of age 
based on phenotype analysis, wobbler 
mice ai\d healthy littermates (control 
mice) were randomly assigned to the ex- 
perimental groups, and treated intraperi- 
toneally with EPO, ASIALO-EPO, CEPO 
(32 ^g/kg) or vehicle (6.4 mL/kg) 3 
times a week, until 12 weeks of age. 

To evaluate the clinical worserung of 
wobbler mice, the following behavioral 
evaluations were done weekly by an op- 
erator that was blinded to treatments: 

1. Paw and walking abnormality: Both 
the paw ahru>rmality and the walking 
abnormality tests are observational. 
The operator assigns a score to these 
parameters, scaled from 0 to 4, on the 
basis of the severity of abnormalities. 
The paw position is graded as follows: 
0, normal; 1, retracted digits; 2, curled 
digits; 3, curled wrists; 4, forelimb 
flexed to body. The walking pattern is 
graded as follows: 0, tu>rmal; 1, trem- 
bling (tremor without gait distur- 
bance); 2, wobbling (gait disturbance); 
3, curled-paw walking; 4, jaw walking 
(no use of front paw). 

2) Running speed: Mice run over an in- 
clined platform (75 cm long ramp in- 
clined at one end to a height of 13 cm) 
stimulated with a gentle pressure on 
the tail (adverse stimulus). The run- 
ning time is defined as the shorter 
time to reach the top of die platform 
from the bottom. Healthy mice rapidly 
improve their performances on the test 
until they readi the top of the platform 
in few seconds (1 to 3 s). On the coitr 
trary, wobbler mice need a longer time 
to reach the top of the platform. More- 



over, these animals show a marked 
worserung of their performances due 
to the progressive muscular atrophy in 
the forelegs* 
3) Grip strengtii: Mice are lifted by the 
tail and allowed to grasp with both 
forelegs to a horizontal bar, which is 
connected to a mechano-electric trans- 
ducer (Basile). The grip strength of the 
front paws is measured at the point 
when the mouse releases the horizon- 
tal bar as a result of a gentle traction 
applied by tiie operator. Healthy mice 
can record values higher duuf\ 100 g, 
whereas values recorded by wobbler 
mice are very low (< 20 g) and drasti- 
cally reduced during symptom pro- 
gression. When animals are no longer 
able to grip the bar, grip strength is re- 
corded as 0 g. Values of grip strength 
were normalized by dividing each 
value by body weight to control for 
weight differences between wobbler 
and healthy mice. 

Because wobbler mice develop early 
and severe atrophy of forelegs without a 
clear impairment of hindleg muscles, the 
classical rota-rod test cannot be consid- 
ered a reliable tool to evaluate the cliiu- 
cal progression in these mice. 

At the end of treatment, 3 days after 
the last ii^*ection, half of the mice for 
each experimental group were killed 
by transcardiac perfusion with 4% 
paraformaldehyde in PBS, under deep 
anesthesia with chloral hydrate (in- 
traperitoneal). Immediately after perfu- 
sion, biceps muscles, brain, and spinal 
cord were rapidly dissected and post- 
fixed for 4 h in the same fbcative (4 ""C). 
All the tissues were dehydrated and cry- 
oprotected with serial steps in 10%, 20%, 
and 30% sucrose in PBS 0.1 M, pH 7.4, at 
4 ""C until they sank, frozen in n-pentane 
at -45 "C, and stored at-80 ""C until 
aiuilysis. 

The other mice were killed by decapi- 
tation. Brain and cervical spinal cord 
were rapidly dissected, frozen on dry ice, 
and stored at -80 ^'C tmtil analysis. 

A few drops of blood were collected 
for hematocrit determination. For each 
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sample, triplicate values were recorded 
and the mean value used for statistical 
analysis. 

Nissisrafning 

For Nissl staining, ciyostatic sections 
of cervical spinal cord (C2 to C6) were 
serially cut (30 iim thickness) and placed 
on gelatin-coated glass slides. Every 
third section was stained with 0.5% Cre- 
syl violet, dehydrated through graded al- 
cohols (70%, 95%, 100%, twice), placed in 
xylene, and coverslipped witii DFX 
mountant (BDH Laboratory, Poole, UK) 
for light microscopy analysis. Motoneu- 
rons were identified based on their local- 
ization in lamina DC of the ventral horns 
and their large cell body size (> 30 |jun). 
For all experimental groups, at least 50 
sections of cervical spinal cord were 
evaluated for each animal; healthy mo- 
toneurons were counted in 1 side of each 
section. The mean of motoneuron num- 
ber was calculated for each animal, and 
ti\e values obtained were used for statis- 
tical analysis. The countuig of Nissl- 
stained motoneurons was carried out by 
the same operator in a blinded fashion. 

Immunohistochemlsfry for GFAP and 
CDIIb 

Sections were stained based on the 
avidin-biotin-peroxidase technique. Spec- 
imens were incubated in 0.3% hydrogen 
peroxide for 30 min to block endogenous 
peroxidase. Sections were then exposed 
to primary antibodies diluted in blocking 
solution overnight at 4 XI, incubated 
with an appropriate biotinylated second- 
ary antibody, processed with a Vectastain 
ABC kit, and developed tising DAB. In 
all immunohistochemistry protocols, 
negative controls were performed by 
omitting the primary antibody, and this 
always resulted in minimal detected sig- 
nal. The following antil)odies were used: 
rabbit anti-bovine GFAP (1:4000; #Z 0334; 
Dako) and rat anti-mouse CDllb (1:10; 
done 5C6; #MCA711; Serotec). 

Motoneuron Cultures 

Dissociated anterior horn cultures 
were obtained from the ventral horn of 



spinal cord of 15-day Sprague-Dawley 
rat embryos (Charles River, Calco, Italy) 
as previously described (6,21). Cell death 
was induced on the 6th day of culture by 
incubation for 48 h with kainate (5 liM). 
EPO or other cytokines {23 pmol/mL) or 
vehicle were added to the cultures 72 h 
before induction of cell deatH and treat- 
ment continued for the 48-h exposure to 
glutamate agonists. After incubation 
with excitotoxins, the medium was dis- 
carded and the motoneurons were 
stained for nonphosphorylated neurofila- 
ments (SMI 32) to assess their survival. 
Only the cells that were SMI 32 positive, 
with a good morphology, large somata, 
and well conserved axons, were coimted 
across 4 sides of tiiie coverslip. 

Immunocytochemistry 

Cells were fixed with paraformalde- 
hyde 4% (wt/vol) in PBS for 40 mm, per- 
meabilized witii Triton X-100 (0.2%) for 
30 min, and blocked with FCS 10% 
(vol/ vol) in PBS. 

The incubation with primary antibod- 
ies (SMI 32, 1:9000; EPOR, 1:500) was 
carried out overnight in blocking solu- 
tion at4**C. 

Cells were washed; appropriate bi- 
otinylated secondary antibody (1:200), 
avidin, and biotinylated horseradish per- 
oxidase macromolecular complex were 
added; and diaminobenzidine and H^Oj 
(6 mL/10 mL) were used to visualize the 
positive cells. 

RT-PCR 

To measure EPO and EPOR expression 
in mouse cervical spinal cords, 2 \ig total 
RNA, extracted by THzol (Invitrogen, 
Carlsbad, CA, USA), were reverse tran- 
scribed using the M-MLV reverse tran- 
scriptase er\zyme (Invitrogen), and 
aliquots corresponding to 1/25 of the 
cDNA obtained were amplified by real- 
time PCR using the TaqMan gene expres- 
sion assays for mouse EPO and EPOR 
and mouse p actin as housekeeping gene 
(Applied Biosystems, Foster City, CA, 
USA). All procedures were performed on 
the ABI PRISM 5700 Sequence Detection 
System (Applied Biosystems). 



RESULTS 

Studies In Vitro on Motoneuron 
Cultures 

Figiire 1 shows the effect of EPO 
(2.5 pmol/mL) on SME 32-positive moto- 
neurons in mixed neuron/glia cultures. 
Under basal conditions, 5-day treatment 
wifh EPO produced a dear neurotrophic 
effect, increasing tiie neurite outgrowti\ 
and tiie nim:\ber and differentiation of 
motoneurons (Figure IB). A similar effect 
was obtained in purified motoneurons 
(6) and was related to a decrease in spon- 
taneous apoptosis, as judged from the re- 
duction of the percentage of apoptotic 
nuclei and of the number of activated 
caspase 3- and 9-positive cells below 
control values (data not shown). 

Under the same experimental sched- 
ule (3 days of pre-incubation followed 
by 48-h ooincubation with kainate), 
EPO was also neuroprotective against 
kainate (5 jiM) (Figure ID). The effect 
of EPO was dose related between 0.25 
and 2.5 pmol/mL (the dose that pro- 
vided full protection), with ED50 about 
1.25 pmol/mL. 

The viability of motoneurons in 
mixed neuron/glia cultures was re- 
duced by about 50% after treatment 
with 5 ^M kainate and returned to con- 
trol values (101 ± 35) in cells treated 
with 2.5 pmol/mL EPO (Figure 2A). The 
basal survival was increased above con- 
trol values (128 ± 38), confirming tihe 
neurotrophic effect of EPO (Figure 2A). 
The same EPO concentration protected 
motoneurons from kainate toxicity even 
if added simultaneously with kaiiuite 
(without preincubation) (Figure 2 C) or 
if present only during the 72-h pretreat-. 
ment (Figure 2B). However, the maxi- 
mum protective effect was obtained 
when EPO was present both in pretreat- 
ment and during kainate e>qposure. 

We tested different nonerythropoietic 
derivatives, including ASIALO-EPO, 
which has high affinity for the EPORs, 
and CEPO, which does not bind to the 
classical homodimeric EPOR. Table 1 
shows that both ASIALO-EPO and 
CEPO, tested at equimolar concentra- 



MOL MED 12(7-8)153-160. JULY-AUGUST 2006 I MENNINi ET AL. I 165 



NONHeMATOPOIETIC £PO ANALOGUES PROTBCT MOTONBURONS 



tions under the same treatment schedule 
used for £FO, were active in preventing 
kainate-induced motoneuron dea^ 

Immimoreactive EPORs were present 
in all cell populations of mixed 
neuron/glia cultures (Figure 3A) and in 
purified motoneurons (Figure 3Q D) and 
were not modified after treatment with 
kainate (not shown). The staining was 
present on cell bodies and arborizations, 
and seemed to be located both in the 
membrane and in the cytosol. To assess if 
repeated EPO treatments modify ^e ex- 
pression or the distribution of EPORs on 
motoneurons, purified cultures were 
treated with EPO (2.5 pmol/mL) for 5 
days. The staining revealed no difference 
in the intensity and distribution of 
EPORs in EPO-treated cells compared 
with vehicle-treated cells (not shown), in- 
dicating that EPO, in the experimental 
conditions tested, did not down- or up- 
legulateEPOR. 




The common p receptor (CD 131) 
showed similar localization. 

Stucfles In WWo In Wobbler Mice 

In a preliminary experiment, EPO, 
given to wobbler mice intraperitoneally 
at 32 lig/kg 3 times a wk for 6 weeks, 
markedly increased hematocrit (67 ± 4% 
and 46 ± 2.5% in EPO and vehicle, re- 
spectively, P < 0.01). This effect could 
worsen health conditions in the mice, 
thus interfering with the correct evalua- 
tion of motor behavior in treated mice. 
Thus, a pilot experiment was done to test 
the possibility that treatment with EPO 
armlogs could be effective in wobbler 
disease. Four wobbler and 4 control mice 
were treated with CEPO, and their be- 
havior was recorded as described in Ma- 
terials and Methods section. Hie evalua- 
tion of the results (ANOVA) indicated a 
significant effect of treatment (P < 0.001) 
on all the behavioral tests, although the 




post-hoc tests did not reach statistical 
sigruficance due to the low number of 
animals. On tfie basis of these results, we 
planned the seoxnd experiment using 10 
animals in each experimental group. 

Figure 4 shows that CEPO treatment 
significantly improves motor behavior, in 
particular in the grip strength and the 
running time tests, in wobbler mice over 
the time of observation. The behavioral 
effect was consistent witii the reduction 




CTR Ka EPO Kai-EPO 




Figure 2. Effects of Epo OQalnst toxicity in- 
duced by kainate. Viability of SMI 32-i3osi- 
five motoneurons In mixed neuron/glia 
cultures after 48-h incutxation witt> l<ainate 
(5 jiM). Wlien present, EPO (2.6 pmoi/mU 
was added simultaneously with the giuta- 
mote agonists (B), 3 days before treat- 
ment (C). or both CA). Data represent 
mean ± SD of 12 replications. 'P < 0.05, 
"P < 0.01 , different from controls; < a05. 
different from kainate -i- EPO. 



Rgure 1. Neurotrophic and neuroprotective effect of EPO on SMI 32-positive motoneu- 
rons In mixed neuron/gUa cultures. (A) Motoneurons In control cultures, well defined mor- 
phologically. (B) Control cultures 5 days after administration of EPO (2.5 pmol/mU alone: 
large ceil bodies with long axons and an Increase of cell number can be seen. (C) Cul- 
tures treated for 48 h with 5 )iM kainate. (D) Effect of EPO (added 3 days t>efore and dur- 
ing kainate exposure) on cultures treated with kainate. Motoneurons were stained using 
an antl-nonphosphorylated r^eurofllament monoclonal antibody ©Ml 32) as described In 
Materials and Methods. Scale bar = 100 jun. 
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Table 1. Effect of kalnote treatiront on 
motoneuron vlablWy In ttie absence or 
presence of EPO derlvotlves. 



Motoneuron survival (% of controls) 




Without 


With 


(No. repncGtes) 


cytokine 


cytokine 


ASIALO-EPO 






(12) 


58±11 


91 ±12° 


CEPO 






(15) 


42±12 


67 ±19^ 



Viability of SMI 32-posltive motoneurons 
In mixed neuron/gila cultures after 48-h 
Incubation with kalnote (5 jiM). When 
present, cytokines (100 ng/ml) were 
added to motoneuron cultures 3 days 
before treatment and re-added with the 
glutamate agonist. Data represent 
mean ± SD. For both ASIALOEPO and 
CEPO, tint P < 0.001 . °P < 0.001 , ''P > 0.01 , 
different from control motoneurons, 
2-way ANOVA and Tukey's test. 



in motoneuron loss in the wobbler mice 
treated with CEPO compared with vehi- 
cle (Table 2). 

Wobbler mice treated with ASIALO- 
EPO also performed better than control 
mice in behavioral tests (Figure 4), par- 
ticularly in the first part of the treatment, 
because the effect decreased over time. 
No significant effect of ASIALOEPO 
was found on motoneuron loss (Table 2): 
only 2 of the 5 animab tested for Nissl 
staining had motoneuron niunber higher 
than 5 (the highest mean of vehide- 
treated wobbler mice). These 2 mice also 
had the highest scores in behavioral 
tests, compared with the other 3 mice of 
the ASIALO-EPO group, thus confirming 
the correlation between motoneuron 
number and behavior. 

CEPO and ASIALO-EPO did not in- 
crease hematocrit in treated mice; on the 
contrary, mice became anemic after 5 to 6 
weeks of treatment, possibly owing to 
the production of antibodies against the 
EPO induced by the hvmian recombinant 
proteins (hematocrit measured after 8 
weeks of treatment: vehicle: 47 ± 5%; 
CEPO: 19 ± 3%; ASL\LO-EPO: 21 ± 5%, 
both P < 0.01). However, the mice, al- 
though anemic, did not lose body weight 



and did not appear to suffer during the 
treatment, at least within tt\e period cov- 
ered by this experiment (8 weeks); more 
important, this effect is not likely to 
occur in humans. 

Astroglia and iiucroglia were activated 
in the cervical spinal cord of wobbler 
mice compared with controls. Treatment 
with CEPO or ASIALO-EPO reduced 
both astroglial and microglial activation 
in cervical spinal cord of wobbler mice 
(Figure 5). This reduced inflammation 
might be important in tfie neuroprotec- 
tive effects and neurological benefits ob- 
served after CEPO and ASIALO-EPO 
treatment in wobbler mice. 

The levels of endogenous EPO and 
EPOR, measured in cervical spinal cord 
of wobbler mice at the age of 6, 10, 
and 12 weeks, were not different from 
those found in healthy littermates (not 
shown). 

The pattern of EPOR staiiung in the 
cervical region of healthy mice (Fig- 
ure 6A) reveals a high immunoreactivity 
in the large-sized neurons of the anterior 
horn of spinal cord, mainly localized in 
neuronal cell bodies. Chronic treatment 
with EPO or its derivates did not modify 
the pattern and intensity of staining (not 



shown). In contrast, cervical sections 
from wobbler mice (Hgure 6B) showed a 
reduced nimiber of neurons having a 
strong immunoreactivity for EPOR and a 
parallel increase of staining in thin struc- 
tures close to the ventral area. This may 
be due to the loss of motoneurons and 
the marked reactive gliosis occurring in 
the affected tissues. 

Representative photographs showing 
immunostaining of the common p chain 
in the cervical spiral cord sections of 
healthy nuce (Figure 6C) and wobbler 
mice (Figure 6D) show that the im- 
munoreactivity is selective for neurorud 
cells, that almost all neurons are im- 
munoreactive, and that the staining is 
more intens in ttie large-sized neurons of 
anterior horns. The selective expression 
of the common p chain in the cervical 
neurons is confirmed by the evidence 
that its loss of staining correlates with 
the marked loss of motoneuroiis, and the 
opposite effect of astrocyte and mi- 
croglia proliferation observed in wobbler 
mice does not produce a parallel in- 
crease in immunoreactivity. No differ- 
ences were observed after chronic treat- 
ment with EPO or its derivatives (not 
shown). 



A 


B 


C 


D 


E 


F 



Figure 3. Motoneurons express EPO and CD131 receptors. Mixed neuron/gtla cultures 
were double-stained with SMId2 (green. A, D) and with a specific antibody against 
EPOR (B) or the p chain common to IL-3. iL-6. and GM-CSF receptors (E). C and F repre- 
sent the merged pictures. Colncubatlon with an excess of respective blocldng peptides 
completely abolished the specific stain of antl-EPOR and cinti-lL-3R p antibodies (not 
shown). Scale ban 20 iim. 
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DISCUSSION 

The wobbler mouse, carrying a muta- 
tion of Vps54 (18), is considered one of 
the most useful models for human mo- 
toneuron degenerative diseases, such as 
ALS and infantile spinal muscidar atro- 
phy (ISMA); imlike the transgenic mice 
carrying the human mutated form of 
SODl, disease in the wobbler mouse is 
unrelated to the mutation responsible for 
a small proportion of the familial cases 
(22). An advantage of wobbler mice over 
the transgenic SODl mice is that, in d\e 
wobbler mice, the disease has an early 
onset and rapid progression (\7), thus al- 
lowing shorter treatments that can mini- 
mize die production of antibodies using 
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human recombinant proteins (like those 
tested in this study). 

A preliniinary experiment with 5-week 
EPO treatment in wobbler mice signifi- 
cantly maeased the hematocrit. Becaiise 
sustained high hematocrit causes en- 
dothelial damage and could increase sus- 
ceptibility to vascular disease in mouse 
brain (23), in this study we tested the ef- 
fect of 2 nonerythropoietic EPO analogs 
in wobbler motoneuron degeneration. 
Although not directly determined in this 
experiment, the hematocrit decrease ob- 
served in the 2 treatment groups likely 
arises from the formation of neutralizing 
antibodies that antagonize the effect of 
endogenous EPO. In other studies, we 



have coi\sistently observed this phenom- 
enon, which appears after 3 to 4 weeks of 
dosing, and we have definitively proven 
the formation of neutralizing antibodies 
produced against the human proteins ad- 
ministered (unpublished data). 

CEPO has pharmacokinetic features 
(half-life, peak concentration, CSF distri- 
bution) similar to those of EPO but does 
not bind to the classical homodimeric 
EPOR, and is therefore devoid of 
hematopoietic activity (13). A major ad- 
vantage of CEPO over EPO is the possi- 
bility of subchronic and chronic dosing 
without affecting hematocrit; protective 
effects of CEPO have already been de- 
scribed for spiiul cord compression, 
diabetic neuropathy, and experimental 
autoimmime encephalomyelitis (13). 
Consistent with these assimiptions, we 
show here that wobbler ntice treated 
with CEPO have improved motor behav- 
ior and reduced loss of motoneurons in 
their cervical spinal cord. CEPO treat- 
ment ako reduced markers of astrocyte 
and microglia activation. The improved 
behavioral scores, particularly the run- 
ning speed, are even more impressive 
considering die grossly reduced hemat- 
ocrits in the 2 treatment groups. 

Chronic treatment with ASIALO-EPO 
was also elective in improving motor 
behavior in wobbler mice, although the 
effect of ASIALO-EPO in reducing mo- 
toneuron loss was not significant when 
the total number of treated mice was 
considered, but shows a dear correlation 
within motoneuron number and behav- 
ior for each mouse. 



Tobte 2. Motoneuron number In the 
cervical spinal cord of wobbler mice. 





Control 


Wobbler 




mice 


mice 




(n=3) 


(n=5) 


Vehicle 


16.5 ±ai3 


4.0 ±0.77 


CEPO 


16.3 ±0.05 


7.8 ±0.23*" 


ASIALO€PO 


16.3 ±0.10 


4.95 ±1.37 



Data are means ± SD. °P< 0.001 vs. 
vehicle and ASIALO-EPO, ANOVA and 
Tukey'stest. 



Figure 4. Behavioral scores of ASIALO*EPO and CEPO in wobbler mice. Drugs (32 |xg/kQ) 
were given Intraperltoneally 3 times a week starting from 4 weeks of age. M, vehicle; 
%, ASIALO-EPO: A, CEPO. Each point represents the mean ± SD of 10 animals per 
group. Statistical analysis was done by 2>way ANOVA and showed significant effect of 
treatments (P < 0.001) for all the considered tests. CEPO and ASIALO-EPO effects were 
statistically different (P< 0.05) in the running time and grip strength tests. 
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Rgure 5. ASIALO-EPO and CEPO treatments both reduce tt^e astrognal (GFAP) and ml- 
crogflal (CDl lb) activation in cervical ^Inat cord of wobbler mice. Representative picture 
of GFAP and CDl lb Immunostalnlng In ttie cervical region of 12-week-old control (A-D) 
and wobbler (E-P) mice. Wobbler mice were treated with CEPO (l-U or ASIALO-EPO (M-P) 
(32 jig/kg Intraperttoneolly 3 times a week) or vehicle <E-H) starting from 4 weeks of age. 
Scale bar: 100 iim. 




Figure 6. Motoneurons In spinal cord sectk:>ns express EPO and CD131 receptois. Represen- 
tative picture of EPO (A3) and CD131 receptor (common p chain) (CD) Immunostalnlng in 
the cervical region of 12-week-okj healthy (A,C) and wobbler (BX>) mice. Scale ban 50 |im. 



When tested in vitro, CEPO, 
ASIALO-EPO, and EPO were equipo- 
tent in protecting primary cultured 
motoneurons from death induced by 
stimulation of AMPA receptors with 
kainate, suggesting tfwt the differences 
observed after chronic in vivo treatment 
were possibly related to the short half- 
life of ASIALO-EPO. 

The effect of ASL\LO-EPO and CEPO 
on wobbler mice cannot be related to a 
decrease in endogenous EPO expression 
in afiected mice, because wobbler mice 
have expression of EPO comparable to 
that of healthy mice. Also, the expression 
of EPOR in wobbler mice is not different 
from that in healthy mice and not modi- 
fied by chronic treatment with EPO 
analogs. 

EPO has been shown to induce mRNA 
expression and production of biologi- 
cally active BDNF in primary hippocam- 
pal neurons in vitro, leading to neuro- 
protection (11), and in vivo in mouse 
models of EAE (10) and stroke (9), BDNF 
expression is significantly increased in 
the ventral spinal cord of wobbler mice, 
at both early and advanced stages of the 
disease (24), possibly related to a com- 
per^tory mechaitism activated to coun- 
teract oeU processes that were involved 
in motoneuron neurodegeneration. Treat- 
ment with exogenous BDNF (20), or en* 
t\ancement of endogenous BDNF ire 
duced by riluzole treatment (19), 
significantly slowed neuronal degenera- 
tion and impairment of motor function 
in wobbler mice. However, no significant 
increase of BDNF mRNA was evident in 
ASIALO-EPO- and CEPO-injected mice 
(data not shown). 

The neuroprotective effect of ASIALO- 
EPO and CEPO in the wobbler mice was 
accompanied by a reduction of reactive 
gliosis, as evaluated by GFAP and CDllb 
immunostaining. Thus it is possible that 
a decrease in inflammation, which is 
present in the degenerating tissue, con- 
tributes to the effect of the EPO analogs, 
as was suggested for cerebral ischemia 
(5) and EAE (2). 

If protection of motoneim>ns can be 
obtained in vitro and in vivo with CEPO, 
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the neiiroprotective effects we observed 
with EPO and ASIALO EPO should not 
be related only to the classic homod- 
imeric EPO receptor. 

We found tfiat bo^ EFOR and CD131 
were expressed in cultured motoneurons, 
implicating CD131 in the specific cjrto- 
protective signal transduction of 
EPO/CEPO. In wobbler mice, the ex- 
pression and the localization of EPOR 
and CD131 were not different from those 
of healthy mice and were not modified 
by the treatment; thus, they could medi- 
ate the neuroprotective effect of adminis- 
tered EPO derivatives. 

In conclusion, our study suggests that 
CEPO, and, to a lesser extent, ASIALO- 
EFO, could exert neuroprotective effects 
in a model of chronic motoneuron de- 
generation and reduce inflammation in 
the anterior horn of the spinal cord with- 
out increasing hematocrit levels. The 
mecharusm by which diese compoimds 
act is still not fully clarified. The results 
indicate that these molecules could offer 
a potentially important therapeutic ap- 
proach for ALS. 
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ABSTRACT 

Erythropoietin (EPO), a hematopoietic cytokine, possesses 
strong antiapoptotic, tissue-protective properties. For clinical 
applications, it Is desirable to separate the hematopoietic and 
tissue-protective properties. Recently Introduced carbamylated 
erythropoietin (CEPO) does not stimulate the erythropoiesis but 
retains the antiapoptotic and neuroprotective effects. We 
tested the ability of CEPO to protect cardiac tissue from toxin- 
induced and oxidative stress in vitro and ischemic damage In 
vivo and compared these effects with the effects of EPO. CEPO 
reduced by 50% the extent of staurosporine-induced apoptosis 
in isolated rats' cardiomyocytes and increased by 25% the 
reactive oxygen species threshold for induction of the mito- 
chondrial permeability transition. In an experimental model of 
myocardial Infarction induced by pemnanent ligation of a coro- 
nary artery in rats, similarly to EPO, a single bolus Injectton of 30 



fxg/kg b.wt. of CEPO immediately after coronary ligation re- 
duced apoptosis in the myocardial area at risk, examined 24 h 
later, by 50%. Left ventricular remodeling (ventricular dilation) 
and functional decline (fall in ejection fraction) assessed by 
repeated echocardiography were significantly and similarly at- 
tenuated in CEPO- and EPO-treated rats. Four weeks after 
coronary ligation, the myocardial infarction (Ml) size in CEPO- 
and EPO-treated rats was half of that in untreated coronary- 
ligated animals. Unlike EPO, CEPO had no effect on hemato- 
crit. The antiapoptotic cardioprotective effects of CEPO, shown 
by its ability to limit both post-MI left ventricular remodeling and 
the extent of the myocardial scar in the model of permanent 
coronary artery ligation In rats, demonstrate comparable po- 
tency to that of native (nonmodified) EPO. 



Erythropoietin (EPO) is a weD known hematopoietic cyto- 
kine produced by the kidney in response to hypoxia (Youss- 
oufian et al., 1993). Recombinant human EPO (rhEPO) is 
widely used to treat the anemia related to surgeiy, cancer, 
and kidneiy feilnre (Jelkmann, 1994). However, EPO pos- 
sesses much broader salutary effects than merely stimula- 
tion of red blood cell production. EPO receptors, originally 
thought to be confined only to hematopoietic tissue in adults, 
were also found in other tissues, for example, neural tissue 
(for review, see Masuda et al., 1999). Many recent studies 
have demonstrated the neuroprotective effects of rhEPO in 
different animal models (Sadamoto et al., 1998; Bemaudin et 



This research was supported by the Intramural Research Program of the 
National Institutes of Health, National Institute on Aging. 

Article, publication date, and citation inlbrmation can be found at 
http:/i$petaspet30umals.org. 

doi:10.1124Slpet.l05.094d64. 



al., 1999; Brines et al., 2000) and in a phase II clinical trial in 
cerebral ischemia (Ehrenreich et al., 2002). 

In several recent studies, the effects of systemic adminis- 
tration of rhEPO have been extended to include cardiopro- 
tection from ischemia. The antiapoptotic effects of rhEPO on 
cardiomyocytes have been reported in tissue culture £md in 
vivo animal models of ischemia-reperfusion injury (for re- 
view, see Smith et al., 2003; Bogoyevitch, 2004). The recent 
discovery of EPO receptors in cardiomyocytes of adult rat 
solidified these findings (Wright et al., 2004). 

In a rat model of myocardial ischemia using permanent 
ligation of a coronary artery, we have shown that in compar- 
ison with untreated animals, a single systemic injection of 30 
^ig/kg b.wt. of rhEPO immediately after coronary artery li- 
gation reduced apoptosis in the myocardial area at risk 24 h 
later by 50%. Left ventricular remodeling was suppressed in 
rhEPO-treated rats, and 8 weeks after coronary ligation, the 



ABBREVIATIONS: EPO, erythropoietin; rtiEPO, recombinant human erythropoietin; Ml. myocardial infarction; STAT, signal transducer and 
activator of transcription; PI3K, phosphatidylinositol 3 kinase; MPT. mitochondrial permeability transition; CEPO, cartjanrrylated erythropoietin; LV, 
left ventricle; ROS, reactive oxygen species; TMRM, tetramethylrhodamlne methyl ester; SH, sham (S): EDV, end-diasto!lc volume; ESV, 
end-systolic volume: EF, ejection fraction; TUNEL. temiinal deoxynudeotidyltransferase-medlated dUTP nick-end labeling; ANOVA, analysis of 
variance. 
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myocardial infarct (MI) scar was 4-fold smaller ihan in un- 
treated coronary arteiy-ligated animals (Moon et aL, 2003). 

A number of signaling pathways reportedly have been in- 
volved in the mechanism of EPO-induced cardioprotection. 
Jak-2/STAT signaling was implicated as well as PI3K signal- 
ing (Parsa et al., 2003), protein kinase C, p38, and p42/44 
mitogen-activated protein kinase activation, affecting sar- 
colemmal and mitochondrial potassium channels, K^tp (S>hi 
et al., 2004), and Akt signaling (Calvillo et al., 2003; Parsa et 
al., 2003). We have recently reported that the end effector of 
cardioprotection by rhEPO is the permeability transition 
pore complex: rhEPO limits the induction of mitochondrial 
permeability transition (MPT) in cardiomyocytes and, thus, 
promotes their survival during adverse conditions (Ju- 
haszova et al., 2004). 

Thus, a number of convincing preclinical experiments sug- 
gest that systemic administration of rhEPO presents a new 
therapeutic approach to limit myocardial damage and subse- 
quent heart remodeling after ischemia (Maiese et al., 2005). 
However, the classic property of EPO to activate production 
of red blood cells and thromboQiies is the weakness of such 
therapy, limiting it to a single application and, even as such, 
might be contraindicated in some patients. The attendant 
elevation of hematocrit associated with repeated rhEPO 
treatment may have an adverse effect on the outcome of MI 
(Spiess, 1999). 

A modification of EPO by subjecting it to carbamylation 
has recently been introduced for tissue protection (Leist et 
al., 2004). This carbamylated EPO (CEPO) completely lacks 
bioactivily in hematopoiesis bioassays and in vivo animal 
testing with repeated high-dose injection but effectively pro- 
tects isolated neural cells trom induced apoptosis. Moreover, 
in in vivo experiments, CEPO does not bind to EPO receptors 
(Leist et al., 2004). Further experiments established that 
CEPO^s pharmacodynamic parameters are similar to that of 
rhEPO, and it mimics rhEPO efELcacy in experimental models 
of brain ischemia, spinal cord and nerve damage, and auto- 
immune encephalomyehtis (Leist et al., 2004). In a tempo- 
rary coronaiy ligation (ischemia-reperfusion model) in the 
rat (Fiordaliso et al., 2005), CEPO was shown to be cardio- 
protective in preventing increases in LV end-diastolic pres- 
sure, LV waU stress in systole and diastole, and improving 
the LV response to dobutamine. Protection against stauro- 
sporine-induced cardiomyocyte apoptosis in vitro was also 
observed. 

The objective of this study is to establish the relationship 
between the ef&cacy of CEPO as a cardioprotective compound 
in vitro and in vivo and the mechanism of protection operat- 
ing through induction of the MPT independently of its effects 
on hematopoiesis. We h3rpothesized that CEPO would dem- 
onstrate antiapoptotic properties in isolated cardiomyocytes 
undergoing hypoxia/reoxygenation stress and enhance their 
survival by limiting induction of the MPT. We also hypothe- 
sized that similar to EPO, systemic administration of a single 
dose of CEPO immediately after coronary ligation in rats 
would 1) reduce apoptosis in the area of myocardium at risk 
[area at risk (AAR)] 24 h later, 2) would attenuate the ensu- 
ing left ventricular remodeUng and functional decline in the 
following weeks, and 3) would result in a smaller MI size at 
the end of 4 weeks of observation. 



Materials and Methods 

Materials 

CEPO was produced by Warren Phannaoeuticals, Inc. (Ossining, 
NY) by suligecting rhEPO (Dragon Pharmaceutical, Vanoouver, BC, 
Canada) to carbainylation — the process by which all lysines were 
transformed to homodtnilline (Leist et al., 2004). The dosages of 
CEPO used in the in vivo experiments were equivalent to EPO in 
terms of weight; i.e., 3000 lU/kg b.wt EPO and 30 (ig/kg b.wt CEPO. 

t. In Vitro Protocols 

Left Ventricular Myocytes Isolation for Experiments on 
Cell Culture. Left ventricular cardiomyocytes were isolated from 
adult Sprague-Dawley rats (250-300 g; Taconic Farms, German- 
town, NY) in a perfusion chamber using Adumyts (Cellutron, Mid- 
land Park, NJ) proprietary buffers. Twenty minutes before sacrifice, 
animals were given 5000 U/kg heparin (Sigma-Aldrich, St. Louis, 
MO). Hearts were isolated rapidly, perfused through the aorta, and 
gassed with 85% 0^ and 15% Ng at 37**C. Myocytes were then 
isolated by mechanical dissociation, separated by differentia] centrif- 
ugation, and plated on laminin (Sigma'Aldrich>coated dishes (Cal- 
villo et al., 2003). After 1 h, the medium was changed, and CEPO or 
EPO (100 ng/ml) or control buffer was added to the myocytes 30 min 
before induction of apoptosis by staurosporine (0.1 /iM; Sigma- 
Aldrich). After 16-h incubation, myocytes were washed with ice-cold 
Hanks* solution (Invitrogen, Carlsbad, CA), fixed for 20 min in 10% 
MeOH-firee formaldehyde (FOlysdenoes, Warrington, PA) at 4''C, 
washed in ice-cold Hanks' solution, stored in -20''C 70% EtOH 
overnight, and processed for in situ terminal deoxynucleotidyl trans- 
ferase assay (Roche, Minneapolis, MN) for detection of apoptosis. 

Left Ventricular Myocytes Isolation for Mitochondrial Per- 
meability Transition Experiments. Sin^e ventricular myocytes 
were isolated via a previously described technique with minor 
modifications (Capogrossi et al., 1986). Briefly, 2- to 4-month-old 
Sprague-Dawley rats were anesthetized with sodium pentobarbital, 
and hearts were rapidly excised and perfused with 40 ml of nomi- 
nally Ca^*-free bicarbonate bufifer gassed with 95% Oa to 5% COj at 
37'C. The composition of bufiFer was the following: 116.4 mM NaCl, 
5.4 mM KCl, 1.2 mM MgSO^, 1.2 mM NaH2P04, 5.6 mM glucose, and 
26.2 mM NaHCOa, pH 7.4. Hearts were continuously perfused with 
bicarbonate buffer containing 0.1% collagenase type B, 0.04 mg^ml 
protease XVI, and 0.1% bovine serum albumin type V for 4 min, and 
50 fM Ca^^ was added. After 10-min perfusion, the left ventricle was 
minced and incubated in bicarbonate buffer containing 100 ^jM Csl^* 
for 10 min at 37''C. Myocytes were then resuspended in HEPES 
buffer with gradually increasing Ca^"^ concentration up to 1 mM and 
kept at room temperature imtil use. The composition of the HEPES 
buffer was the foUowing: 137 mM NaCl. 4.9 mM KCl, 1.2 mM MgSO*, 
1.2 mM NaH2P04, 15 mM ^ucose, 20 mM HEPES, and 1.0 mM 
CaCl2 (adjusted pH to 7.4). Cardiac myocsrtes viability was typically 
70 to 80%. 

Confocal Microscopy and Determination of MPT-ROS 
Threshold. Experiments were conducted as described previously 
(Juhaszova et aJ., 2004), using a method to quantify the ROS sus- 
ceptibility for the induction of MPT in individual mitochondria 
within cardiac myocytes (Zorov et al., 2000). Briefly, isolated cardiac 
myocytes were exposed in vitro to conditions that mimic oxidative 
stress by repetitive laser scanning of a row of mitochondria in a 
myocyte loaded with tetramethybrhodamine methyl ester (TMRM; 
see Fig. 2). This results in incremental, additive exposure of only the 
laser-exposed area to the photodjmamic production of ROS and con- 
sequent MPT induction. The occurrence of MPT is clearly identified 
by the immediate dissipation of A^. Myocytes were loaded with 125 
nM TMRM for at least 1 h at room temperature and imaged with an 
LSM-510 inverted confocal microscope (Carl Zei&s Inc., Jena, Ger- 
many) (Fig. 2A). Line scan images at 2 Hz were recorded from 
mitochondria arrayed along individual myofibrils with excitation at 
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568 nm and collecting emission at >560 nm, using a Zeiss Flan- 
Apochromat 63XA.4 numerical aperture oil immersion ol^ective, 
flw ^ the confocal pinhole was set to obtain spatial resolutions of 0.4 
fun in the horizontal plane and 1 /un in the axial dimension. Images 
were processed by MetaMorph sofWare (Universal Imaging, Down- 
ingtown, PA). The ROS threshold for MPT induction (tMPr) was 
measured as the average time necessaiy to induce MPT in a row 
consisting of -25 mitochondria (Fig. 2B). Experiments were carried 
out at 23*C. The cardioprotective action of insulin, which normally 
results in an enhancement of the MPT-ROS threshold by -35 to 40% 
(Juhasasova et al., 2004), was used as a positive control in the present 
experiments. In parallel experiments, cells were exposed to CEPO 
(10, 100, or 250 ng^l for 20 min prior to tupr measurements). 
Wortmannin (60 fiM) was also applied in certain protocols. 

II. In Vhro Experiments 

Animals and Experimental Design. Eighty male Sprague- 
Dawley rats, 2 months of age, were housed and studied in conform- 
ance with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals, Manual 3040-2 (1999), with institutional 
Animal Care and Use Committee approval. After baseline echocar- 
diography, animals were randomly divided into coronary artery- 
ligated (MI; n = 54) or sham (SH; n - 16) groups and, under 
inhalation anesthesia by isoflurane, subjected to ligation of the left 
anterior descending ooronaxy artery to induce myocardial infarction 
(MI) or to a sham operation, as previously described (Moon et al., 
2Q0S). Animals in the MI group were either treated with a single 
^temic iigection of CEPO (n = 18) or EPO (n = 18) or remained 
untreated in » 18). Both CEPO and EPO, 30 iigfkg b.wt, were given 
i.v. in 0.3 ml of saline immediately (<5 min) after surgery. Untreated 
wTiimnlft received a sin^e i.v. injection of 0.3 ml of saline at the same 
time. SH animals were either iiqected with CEPO (n = 8), or with 
saline (n = 8) in a dose and manner similar to MI animals. Therefore, 
the experimental design consisted of five groups of rats: sham, not 
treated (SH-SALINE); sham, treated with CEPO (SH-CEPO^ MI, 
not treated (MI-SAUNE); and MI, treated with CEPO (MI-CEPO), 
and MI, treated with EPO (MI-EPO). Six animals from each of the 
MI-CEPO, MI-EPO, and the MI-SALINE groups were killed 24 h 
after surgery, and their hearts were harvested for appropriate im* 
munohistochemical staining to assess the early effect of CEPO treat- 
ment on the extent of post-MI apoptosis. In the remainder of the 
operated animals, LV function was assessed by echocardiography 1 
and 4 weeks after surgery, at which time all animals were killed 
using a bolus ii\jection of 4 ml of 0.5 M KCl under general anesthesia 
with sodium pentobarbital (50 mg/kg b.wt, i.p.), and their hearts 
were harvested for histological analyses. 

Echocardiography. Cardiac function was assessed by echocar- 
diography (HP Sonos 5500 equipped with a 12-MHz phase array 
linear transducer, S12, allowing a ISO-mm/s maximal sweep rate; 
Hewlett Packard, Palo Alto, CA) under general anesthesia with 
pentobarbital sodium (30 mg/kg b.wt, i.p.) as described previously 
(Moon et al., 2003). Briefly, parasternal long-axis views were ob- 
tained and recorded, ensuring that the mitral and aortic valves and 
the apex were visualized. Endocardial area tracings using the 
leading-edge method were performed in the two-dimensional 
mode (short- and long-axis views) &om digital images captured on 
dneloop. LV end-diastolic volume (EDV) and LV end-systolic volume 
(ESV) were calculated by a modified Simpson's method firom the 
long-axis view. LV Section firaction (EF %) was derived as EF - 
(EDV - ESV)/EDV X 100. All measurements were made by one 
observer who was blinded witii respect to the identity of the tracings. 
All measurements were averaged over three to five consecutive car- 
diac cydes. The reproducibility of measurements was assessed at 
baselines by two sets of measurements in 10 randomly selected rats. 
The repeated measure variability did not exceed ±5%. 

Infarct Size Measurement. Hearts were excised and placed in 
10% phosphate-buffered formalin. The fixed tissue was then embed- 
ded in paraffin and serially cut finom the apex to the level just below 



the coronary artery ligation site; transverse 6-/jLm-thick sections 
were cut at 600-^ distances such that 10 to 12 sections were 
obtained finom each heart Sections were stained with hematoxylin/ 
eosin *»tiH azan, and morphological analysis was performed by com- 
puterized video imaging using an Axioplan microscope (Zeiss) and 
NIH IMAGE software (Bethesda, MD). The myocardial infarct size of 
each section was calculated as the ratio of infSarction area to the area 
of total LV section (area method) and as the average of ratios of the 
outer infarction length to the outer LV drcumference and the inner 
infarction length to the inner LV circumference (perimeter method). 
The inforct size of all sections ibr both area and perimeter methods 
was averaged and expressed as the percentage of LV for each heart 

LV Posterior Wall Thickness Measurement. The thickness of 
LV posterior wall was measured and averaged in each LV section 
where the myocardial infarct size was measured. 

Assessment of Apoptosis in Hearts. Twenty-four hours after 
coronary artery ligation or sham operation, under general anesthesia 
with pentobarbital sodium (50 mg/kg b.wt, i.p.), 2 ml of 5% Evans 
blue was ii\)ected into the right ventricular chamber via the right 
jugular vein. The rats were killed immediately by a bolus injection of 
4 ml of 0.5 M KCl, and the hearts were removed, rapidly rinsed in 
phosphate-buffered saline, and 8nap-fix)zen in liquid nitrogen. Se- 
rial, 6-/im-thick cryostat sections were prepared. Processing of sub- 
sequent sections alternated between tetrazolium chloride and termi- 
nal deoxynucleotidyltransferase-mediated dUTP nick-end labeling 
(TUNEL) staining. The parts unstained by Evans blue containing a 
combination of dead tissue and underperfused but viable myocar- 
dium (AAR) were incubated for 20 min in tetrazolium chloride and 
then transferred into 4% paraformaldehyde. In all resulting sections, 
the AAR of myocardial tissue was stained in red, whereas dead tissue 
remained white (Bialik et al., 1997). The AAR on every other section 
was fiirther sulgected to TUNEL staining for detection of apoptotic 
cells 1^ the nick-^nd labeling method using a commercially available 
kit (Roche) as directed by the manufacturer. Slides were examined 
by light microscopy. In each section, the number of cardiomyocytes 
and the number of TUNEL-positive cardiomyocyte nuclei were 
counted and totaled in 10 randomly selected fields of the AAR at 
X400 amplification. Only nuclei that were deariy located in cardio- 
myocytes were counted. 

Statistical Analyses. Sonographic indices of morphometric and 
functional assessment at each time point were expressed as a per- 
centage of change bom the baseline (measurements taken before 
surgery). All values were corrected for body mass. Statistical signif- 
icance of differences among groups with regard to changes of these 
indices over time was determined using ANOVA for repeated mea- 
surements, specifically noting group X time interactions. A post hoc 
pair comparison between MI-SALINE, MI-CEPO, and MI-EPO 
groups was conducted for the 4^-week data. Statistical significance 
of differences between groups with regard to infarct size and apopto- 
sis was determined using a one-way ANOVA following by a post hoc 
pair comparison. The same approach was used in vitro experiments. 
Statistical significance was assumed at p < 0.05. 

Results 

In Vitro Experiments 

Apoptosis in Isolated Cardiomyocytes. After 16 h of 
staurosporine exposure, 78% of untreated myocytes were 
apoptotic. In the presence of 100 ng/ml rhEPO or CEPO, the 
number of apoptotic myocytes was reduced by 77 and 87%, 
respectively (Fig. 1). 

Assessment of MPT-ROS Threshold. Figure 2C pre- 
sents the cardioprotective effects of CEPO in isolated cardiac 
myocytes as indexed by the ROS threshold for MPT induction 
(t^pr). CEPO exposure at 10, 100, and 250 ng/ml resulted in 
increased MPT-ROS threshold by 20 to 25% above the un- 
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Fig. 1. The antiapoptotic effect of rhEPO and CEPO isolated rat 
caniiomyocytes. After a 30-min in vitro exposure of isolated rat ventric- 
ular cardiomyocytes to 100 ng/m\ CEPO or EPO, apoptosis was induced 
by staurosporine. After 16-h incubation, myocytes were processed for in 
situ terminal deoxynucleotidyl transferase assay for detection of apopto- 
sis. PBS, phosphate-buffered saline. p < 0.05 versus staurosporine 
(post hoc comparison). 

treated control. This protective effect was completely blocked 
by 50 nM wortmannin. For comparison, insulin, used as a 
positive control, increased tMPr by 35%. 

In Vivo Experiments 

Mortality and Filial Number of Aaimals. Three ani- 
mals died among coronary artery-ligated CEPO-treated an- 
imals, four among coronary artery-ligated EPO-treated 
animals, and two among untreated rats. One animal died in 
the sham-operated group. No mortality was registered after 
the first 24 h. Tlius, the final number of animals per group in 
24-h study was: MI-SALINE, six; MI-CEPO, six; and MI- 
EPO, six. The final number of animals per group in 4-week 
study was SH-SALINE, seven; SH-CEPO, eight; MI-SA- 
LINE, 10; MI-CEPO, nine; and MI-EPO, eight. 

The Effect of CEPO and EPO on Hematocrit. One 
week afi^r MI induction, the hematocrit values increased on 



average by 5.1% in EPO-treated rats (p < 0.05) but did not 
change in CEPO-treated animals (-0.7%, p > 0.05). 

Echocardiography. At baseline, before coronary artery 
ligation or sham operation, echocardiographic indices of LV 
volumes and EF are presented in Table 1. There were no 
statistical differences at baseline among coronary artery- 
ligated or sham-operated animals untreated or treated with 
CEPO or EPO in EDV, ESV, or EF. Average changes of these 
parameters &om baseline during 4 weeks of observation are 
illustrated in Fig. 3. Treatment of sham-operated animals 
with CEPO (S-CEPO) did not affect the direction or magni- 
tude of changes during the 4 weeks after surgery relative to 
untreated animals (S-SALINE). In nontreated ligated ani- 
mals (MI-SALINE), there was a gradual enlargement of LV 
over time; by week 4, this averaged a 26% and approximately 
140% increase of baseline LV volumes at end-diastole and 
end-systole, respectively. The EF in MI-SALINE animals fell 
by more than 50% by week 4. The magnitude and pattern of 
changes of edl indices in MI-SALINE group were significantly 
different firom those of both sham-operated groups (the 
ANOVA-derived group x time interaction, p < 0.05). 

The pattern and magnitude of changes reflecting the ex- 
tent of LV remodeling and fimctional decline were less pro- 
nounced in both the MI-CEPO and MI-EPO groups than in 
MI-SALINE group. In fact, contrary to the MI-SALINE 
group, the evaluation of LV remodeling (ANOVA-derived 
group X time interaction) showed that there were no statis- 
tical differences between MI-CEPO or MI-EPO and sham 
groups for all three presented indices. Moreover, EF and ESV 
were significantly different between either MI-CEPO or MI- 
EPO and MI-SALINE. Post hoc paired comparisons also re- 
vealed that both MI-CEPO and MI-EPO groups statistically 
differed at week 4 firom MI-SALINE group with respect to EF 
and ESV: ESV at week 4 was significantly smaller and EF 
was significantly higher in both MI-CEPO and MI-EPO 
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Fig. 2, Cellular mechanism of cardioprotection. A and B, methodology used to determine the ROS threshold of MFT induction, the index of 
cardioprotection. Mitochondria in isolated rat cardiac noyocytes stained with TMRM (A) were laser line-scanned until MPT induction (B). The average 
time required for the standardized photoproduction of ROS to cause MPT induction li^) is taken as the index of the ROS threshold in that cell (see 
text and references, Zorov et al., 2000; Juhaszova et al., 2004). C, CEPO reduces the MPT susceptibility to ROS (t^pr) via PI3K-dependent signaling 
in cardiac myocytes. Isolated cells were exposed to 30 nM insulin (as the positive control) or to 10, 100, or 250 ng/ml CEPO for 20 min prior to t^PT 
measurement (see text). Wortmannin (60 nM) was used to inhibit PI3K. *,p< 0.01 versus control. 
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TABLE 1 



Baseline (week 0) echocardiographic indices of LV volumes and EF (mean ± S£.) 





SH-SALINE in. ^ 7) 


SH-CEPO (n = 8) 


MI-SALINE (11= 10) 


MI-CEPO (n = 9) 


MI-EPO0i = 8) 


EDV(ml) 


0.35 ± 0.02 


0.34 ± 0.01 


0.36 ± 0.01 


0.33 ± 0.01 


0.33 ± 0.01 


£SV(ml) 


O.U ± 0.004 


0.14 ± 0.008 


0.14 ± 0.005 


0.13 ± 0.004 


0.13 ± 0.005 


EF(%) 


59.5 ± 0.9 


58^ ± 1.2 


60.5 ± 0.8 


61.4 ± 0.4 


60.0 ± 1.3 




WO W1 W4 

Fig. 3. Changes in echocardiographic indices of LV volume and function 
(ejection fraction) during 4 weeks after coronaiy arteiy Ugation (MI) or 
sham (S) operation in CEPO-, EPO-, and saline-treated (SALINE) rats. 
AU indices are derived irom images obtained from the long-axis view in 
two-dimensional mode echo, aiUuited for body mass, and expressed as the 
percentage of change from the baseline values (see Table 1). Statistically 
significant (p < 0.05) group x time interactions (ANOVA for repeated 
measurements) are indicated by the following: among all groups; 
m-SALINE versus MI-CEPO; and t, MI-SALINE versus MI-EPO. 
significantly different (p < 0.05) in post hoc comparison between MI- 
SALINE and MI-CEPO (or MI-EPO) groups at week 4. 

groups in comparison with MI-SALINE. In any of presented 
indices, the MI-CEPO and MI-EPO groups did not differ fin)m 
each other either in the pattern of changes over time or at 
any specific time point. 

Infarct Size. The average infarct size, expressed as a 
percentage of LV, in MI-SALINE, MI-CEPO, and MI-EPO 
group is presented in Fig. 4. Regardless of the technique used 
to estimate the MI size, perimeter, or area calculation, the 
average MI size in either MI-CEPO or MI-EPO groups was 
half of that in MI-SALINE group (p < 0.05). 

Posterior Wall Thickness. The thickness of LV posterior 
wall measured histologically at the same sections the MI size 
was measured was similar in MI-EPO and MI-CEPO groups 



MI size 




Fig. 4. MI size 4 weeks a fty l igation of a coronary arteiy in untreated 
rats and rats treated with CEPO or EPO. *, p < 0.05 post hoc comparison. 

(0.89 ± 0.03 mm) and not different from that in MI-SALINE 
group (0.84 ± 0.02 mm, p > 0.05). 

Determination of Extent of Apoptosis within the 
Area at Risk. Figure 5, A and B, illustrates the TUNEL 
staining at 24 h after coronary artery ligation in representa- 
tive histological slides of comparable AARs in hearts from 
MI-SALINE and MI-CEPO groups, respectively. More apo- 
ptotic nuclei are clearly observed in the untreated heart (Fig. 
5A). Figure 5C shows the average number of apoptotic nuclei 
in comparison with a total number of coimted nuclei in the 
AAR of untreated hearts and hearts treated with EPO or 
CEPO. Only 17 ± 1.2% of nuclei were TUNEL-positive in the 
MI-CEPO group and 15.3 ± 1.2% in the MI-EPO group, 
compared with 33.6 ± 0.8% in MI-SALINE group (p < 0.01) 
(Pig. 5D). 

Discussion 

CEPO is a recently introduced, engineered cytokine that 
was designed to retain the tissue-protective (antiapoptotic) 
cheu-acteristics of EPO but not trigger erythropoiesis (Leist et 
al., 2004). CEPO's pharmacokinetic parameters are very sim- 
ilar to those of EPO, but even iiyected daily for 4 weeks in 
doses as high as 200 iigfkg b.wt. it fails to increase hemato- 
crit in mice (Leist et al., 2004). However, CEPCs pharmaco- 
dynamics is remarkably different from that of EPO, because 
CEPO does not signal the classic EPO receptor (Leist et al., 
2004). Nevertheless, extensive testing demonstrated strong 
neuroprotective properties of CEPO that are comparable 
with that of EPO. Antiapoptotic effects of CEPO have been 
shown in vitro on isolated neural cells and in vivo in cerebral 
infarct and spinal injury models in rats (Leist et al., 2004). 
Similar tissue protective properties of EPO and CEPO and 
the lack of hemopoietic properties of CEPO led to the recent 
suggestion that the tissue protection by EPO is mediated 
through a heteroreceptor complex comprising both the EPO 
receptor and a common p receptor subunit, also known as 
CD131 (Brines et al., 2004). 

We (Moon et al., 2003) and others (see review in 
Bogoyevitch, 2004) have reported the cardioprotective prop- 
erties of EPO in different experimental models of myocardial 
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Fig. 5. Representative examples of TUNEL staining 
in the AAR of myocardium 24 h after ooronaiy artery 
ligation in untreated rats (A) and in rats treated with 
CEPO (B) (magnification X400}. C, the average num- 
ber of counted and TUNEL-positive nuclei in the area 
at risk in untreated MI rats and rats treated with 
CEPO or EPO. D, the percentage of TUNEL-positive 
nuclei in the AAR of the hearts from coronaiy-ligated 
rats. *,p< 0.05 versus MI-SALINE. 



ischemia. Our experiments have shown that a single 3000 
lU/kg systemic injection of EPO after permanent ligation of a 
coronary artery in rat resulted 24 h later in a 50% reduction 
of apoptosis in the myocardial area at risk. LV remodeling at 
8 weeks was significantly attenuated in treated animals, and 
the MI size was only 15 to 25% of that in untreated animals 
(Moon et al., 2003). Recently, using a temporary ligation 
model of myocardial ischemia, cardioprotection using CEPO 
was also demonstrated (Fiordaliso et al., 2005). In the 
present study, we showed in a permanent ligation model 
that, as in an experiment with EPO (Moon et al., 2003), a 
single dose of CEPO (30 /i-g/kg b.wt. i.v.) immediately after 
permanent coronary artery ligation in rat reduced the apo- 
ptosis in the AAR 24 h later by 50%. During 4 weeks of 
post-MI observation, the LV remodeling and functional de- 
cline were similarly and significantly, attenuated in both 
CEPO' and EPO-treated animals. The MI scar at the end of 
4 weeks was significantly smaller in EPO- or CEPO-treated 
rats than in untreated animals. The LV posterior wall thick- 
ness was not different from that of untreated animals. How- 
ever, with such a significant LV dilation and obvious poste- 
rior wall thinning in untreated animals, and with such a 
remarkable reduction in LV and MI size in treated a ni mals, 
one would expect the posterior wall would be significantly 
thicker in treated animals. The lack of such thickness either 
suggests the possibility that both EPO and CEPO therapy 
suppress the myocardial h3Tpertrophy or that 4-week obser- 
vation is not sufficient to reveal the difference in posterior 
wall thickness. 

The results of in vitro experiments on the culture of iso- 
lated cardiomyocytes also were similar for CEPO and EPO: 
CEPO added to culture protected the myocytes from apopto- 
sis induced by staurosporine, and the effect was comparable 
with the effect of EPO. This experiment confirms a direct 
effect of CEPO on cardiomyocytes rather than an indirect 
effect, which could not be ruled out in the in vivo experi- 
ments. The remarkable similarities of outcomes of experi- 
ments in which permanent coronary ligation in rats followed 
by a single injection of EPO or CEPO suggest that both 



compounds probably engage the same mechanism of cardio- 
protection, which is, at least in part, antiapoptotic. This 
conclusion is supported by experiments with TUNEL stain- 
ing in cardiomyocjrte cultures or in myocardial tissue 24 h 
afi^r coronary ligation as well as by experiments measiuing 
the MRT-ROS threshold of single cardiomyocytes— a final 
common pathway for antiapoptotic signaling. The particular 
aignflling pathway involved in EPO-CEPO-induced cardio- 
protection remains less certain. In different studies of EPO 
effects, many possible antiapoptotic signaling pathways have 
been reported: Jak-2/STAT, PI3K, protein kinase C, p38, 
p42/44 mitogen-activated protein kinase activation, Katp> 
and Akt (Brines et al., 2000; Calvillo et al., 2003; Parsa et aL, 
2003; Ghezzi and Brines, 2004; Shi et al., 2004). Introduction 
of CEPO allowed us to narrow the possibilities. Because 
CEPO does not bind to classic EPO receptors (Leist et al., 
2004) its effects would not necessarily involve transcription 
factors STAT-5 or Jak2, a downstream kinase directly acti- 
vated upon ligand binding to EPO receptors. On the other 
hand, the finding that the PI3-kinase inhibitor wortmannin 
complete^ blocked the beneficial effect of CEPO on MPT- 
ROS threshold suggests that the PI3-kinase signaling path- 
way is definitely involved in CEPO-mediated protection 
against ischemia, similar to that observed ¥dth rhEPO (Ju- 
haszova et al., 2004). The very effect of CEPO on MPT-ROS 
threshold gives additional weight to the idea that both EPO 
and CEPO exert their tissue-protective properties not 
throiigh affinity to classic homodimeric EPO receptors but 
rather to heteromeric receptor complexes containing at least 
one EPO receptor subunit (Brines et al., 2004; Leist et al., 
2004). 

In summary, the demonstration of strong antiapoptotic 
effects of CEPO on ischemic myocardium, comparable with 
that of EPO, in corgunction with CEPO's lack of hematopoi- 
etic activity suggests the possibility of its use in treatment of 
myocardial in&rction or myocardial ischemia in situations 
when repeated dosing is clinically desirable or the use of EPO 
is prohibitive due to its procoagulant and prothrombotic ef- 
fects (Stohlawetz et al., 2000). Moreover, since death of car- 
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diac myocytes due to apoptosis is now considered a major 
causative factor in evolution of chronic heart failure to end- 
stage dilated cardiomyopathy (Wencker et al., 2003), CEPO 
might be suitable for a long-term treatment of the late LV 
remodeling. 
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Asialoerythropoietin Has Strong Renoprotective 
Effects Against Ischemia-Reperfusion Injury in a 

Murine Model 

Toshie Okada, Tokihiko Sawada, and Keiichi Kubota 



Background. The renoprotective effect of erythropoietin (EPO) and the nonhematopoietic EPO, asialoEPO was in- 
vestigated in a murine ischemia-reperfusion injury (I/R) model 

Methods. I/R \vas created by clamping the right renal pedicle for 60 min after left nephrectomy. Balb/c mice were 
divided into four groups (n= 15 in each group): sham operation (Sham), vehicle treatment (Vehicle), EPO treatment 
(EPO), and asialoEPO treatment (AsialoEPO). EPO and asialoEPO were given at a dose of 500 lU/kg 30 min before I/R. 
Plasma creatinine (Cr), survival, and the number of apoptotic cells were analyzed. Protein expression was analyzed by 
Western blotting. 

Results. Plasma Cr level was not significantly different at 6 hr after I/R- At 24 hr after I/R. the Cr (mg/dL) levels in Sham, 
Vehicle. EPO, and asialoEPO were 0.13±0.01, 1.24±0.70. 0.24±0.08, and 0.25±0.13. respectively (P<0.05). The 
numbers of apoptotic ceUs in these groups were 0.1 ±0.1, 98.9±42.6, 3.3±0.7, and 2.9±1.6, respectively (P<0.05). 
Western blotting revealed that in kidney tissue of mice treated with EPO and asialoEPO, p38-MAPK and the 
proapoptotic molecule Bad was decreased, and the antiapoptotic molecules Bd-xL and XIAP were increased. 
Survival rates at 7 days after I/R injury in the Sham, Vehicle, EPO, and AsialoEPO groups were 100%, 21.4%, 
23.1%, and 53.8%, respectively (P=0.05). 

Conclusion. EPO and asialoEPO attenuated renal dysfunction caused by I/R in mouse kidney at the same level, but only 
asialoEPO improved survival 

Keywords: Ischemia, Reperfusion, Kidney, Erythropoietin, Asialoerythropoietin. 
(Transplantation 2007;84: 504-510) 



Ischemia-reperfusion (I/R) injury is a major factor respon- 
sible for acute renal failure (ARF). ARF is a common dm- 
ical morbidity, which can occur as a primary condition, or in 
association with shock, sepsis, and postoperative complica- 
tions, and is also a risk ^ctor in renal transplantation. ARF mor- 
tality rates range from 7% to 80% (J, 2). Therefore, agents that 
can attenuate I/R injury have been sought and studied. 

Recently, the extrahematopoietic effects of erythropoi- 
etin (EPO) have been extensively investigated. These include 
antiapoptotic effects in the nervous system (3, 4), heart (5, 6), 
kidney (7, S), and endothelium (9). In particular, there is a 
large body of evidence to suggest tiiat EPO protects the kidney 
from I/R injury in rodent ARF models (10-12), However, 
chronic administration of EPO at an extremely high dose to 
achieve tissue protection is hampered by the main effect of 
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£P0» which is hematopoiesis, becaiise the resulting increase 
of red blood cells may cause thrombotic events ( J3, 14). To 
avoid this situation, nonhematopoietic EPO derivatives are a 
promising avenue of investigation. 

Asidoerythropoietin (asialoEPO) is a desialated form 
of EPO that is nonhematopoietic but retains the extrahema- 
topoietic effects of EPO (J5, i6). In this study, the renopro- 
tective effect of asialoEPO was investigated for the first time in 
a murine I/R injury model. It was found that asialoEPO at- 
tenuated I/R injury to the same degree as EPO, but unlike 
EPO. improved the survival of mice with I/R injury. 

MATERIALS AND METHODS 

This study was approved by the Ethics Committee for 
Animal Experimentation at Dokkyo University School of 
Medicine. 

EPO and AsialoEPO 

EPO and asialoEPO were obtained from Chugai Co. 
Ltd. (Tokyo, Japan). Both were dissolved in a vehicle consist- 
ing of phosphate-buffered saline. 

Mice and Renal Ischemia-Reperfusion Model 

Female Balb/c mice were purchased from SLC (Chiba, 
Japan) and housed under pathogen-free conditions. The 
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model of renal I/R injury was created as described elsewhere 
{11). Mice were anesthetized with pentobarbital. A small in- 
cision was made in the left flank, the left kidney was exposed 
extracorporeally> and its pedide was ligated with 4-0 sUk su- 
ture, and then the kidney was removed. Next, a small inci- 
sion was made in the right flank, and the pedicle of the 
right kidney was clamped with an atraumatic arterial 
clamp for 60 min. 

Mice were randomly divided into four groups: 1) sham 
operation (Sham; n=15); 2) control group with I/R injury, 
treated with phosphate-buffered saline vehicle (Vehicle; 
n=15); 3) EPO group with I/R injury, treated with EPO 
(EPO; n=15); 4) asialoEPO group wilii I/R injury, treated 
with asialoEPO (asialoEPO; n= 15). EPO and asialoEPO were 
injected subcutaneously at a dose of 500 units/kg, 30 min 
before clamping the renal pedicle. In previous studies, various 
doses of EPO, ranging from 100 units/1^ to 3000 units/kg 
were employed ( J0-J2, J7). In a dose-setting experiment, we 
examined doses of 1,000 units/kg (n= 5), 500 units/kg (n=5), 
and 100 units/kg (n=5) for both EPO and asialoEPO, and 
decided to employ 500 units/kg because this was the mini- 
mum dose that attenuated renal I/R injury in our model. Also, 
a single injection of EPO or asialoEPO at a dose of 500 
units/kg did not increase hematopoiesis in any of the e3q}eri- 
mental mice (n= 15, in each group). 

Blood samples were collected at 6 hours, 24 hours, and 
7 days after reperfiision, and the plasma concentrations of 
blood urea nitrogen (BUN) and creatinine (Cr) were mea- 
sured (SRL, Tokyo, Japan). 

To evaluate the effect of EPO and asialoEPO on mouse 
survival, deaths of mice in all four groups (n=15 in each 
group) were recorded for 7 days. 

Immunohistochemistry 

The kidneys were removed at 24 hr after reperfiision 
and fixed in 10% buffered fbrmalm, embedded in paraffin, 
and cut into 5-/im-thick sections. The sections were evalu- 
ated quantitatively for apoptotic nuclei by TUNEL assay, per- 
formed using an ApopTs^ Plus Peroxidase In Situ Apoptosis 
Kit (Millipoie/Chemicon International, Billerica, MA) in ac- 
cordance with the manufacturer's recommendations. Briefly, 
paraffin sections were deparaffinized, permeabilized witii 
proteinase K, and incubated with a mbcture of nucleotides 
and TdT enzyme for 60 min at The signals were de- 
tected by incubation with streptavidin-horseradish peroxi- 
dase conjugate followed by the substrate diaminobenzidine 
(DAB). As a negative control, sections were incubated in the 
absence of TdT enzyme. The number of TUNEL-positive cells 
was counted in 5 nonoverlapping fields per section at X400 
magnification. 

Western Blotting 

To elucidate the mechanism of the renoprotective ef- 
fect by EPO and asialoEPO, protein expression in I/R kidney 
was evaluated by Western blotting. Previous reports have 
suggested that EPO exerts its effects through MAPK modifi- 
cation (10). Anti-phospho-p38 MAPK (ThrlSO/ Tyrl82) 
antibody, anti-phospho-SAPK/JNK (Thrl83/Tyrl85), anti- 
Bcl-xL antibody, anti-phospho Bad (ser 112) antibody, anti- 
Bax antibody, and anti-XIAP antibody were purchased horn 
Cell Signaling Technology (Beverly, MA). 



Kidney samples were taken at 6 and 24 hr after I/R 
injury, and 0.10 g net weight of kidney tissue was homoge- 
nized. The supernatant was adjusted by dilution so as to con- 
tain a constant amount of protein, confirmed using a BCA 
Protein Assay Kit (Pierce, Rockford, IL). Samples (20 ^% pro- 
tein) were run on 12.5% (w/v) SDS-PAGE with 10% gd and 
electroblotted onto polyvinyiidene fluoride (PVDF) mem- 
branes. The blots were blocked for 1 hr with 5% (w/v) nonfet 
milk powder and 0.1% (v/v) Tween 20 in Tris-NaCl, then 
exposed to the primary antibody at 1000-fold dilution for 24 
hr at 4''C. After extensive washing, the blots were incubated 
with the secondary horseradish-peroxidase-conjugated anti- 
body (1:2000) for 2 hr at 37**C. Immunoreactive bands were 
visualized using an enhanced chemiluminescence detection 
system (Amersham Life Science, Arlington Heights, IL). The 
levels of protein expression were estimated quantitatively by 
densitometric scanning using a Molecular Imager FX (Bio- 
Rad Laboratories, Hercules, CA). Relative intensity was 
calculated using the formula: relative intensity=density of 
vehicle-, EPO-, or asialoEPO-treated kidney / density of 
sham-treated kidney. 

Statistics 

Comparisons between two groups were analyzed by t 
test (two-sided). One-factor analysis of variance (ANOVA) 
was used for comparisons between the vehicle-, EPO-, and 
asialoEPO-treated groups. Survival of the mice was compared 
by log-rank test A probability value of P<0.05 was consid- 
ered to indicate statistical significance. 

RESULTS 

Figure 1 shows the levels of plasma BUN and Cr at 6 hr 
after I/R injury. The BUN levels in mice of the Sham, Vehide, 
EPO, and AsialoEPO groups were 16.1±0.1 mg/dL,51.0±6.1 
mg/dL, 56.4±13.1 mg/dL, and 53.9±16.4 mg/dL, respec- 
tively. There were no significant differences between any of 
the four groups (P=0.87). The corresponding Cr levels were 
0.15±0.02 mg/dL, 0.58±0.08 mg/dL, 0.63±0.17 mg/dL, and 
0.52±0.25 mg/dL, respectively, and again there were no sig- 
nificant intergroup differences (P=0.76). 

Figure 2 shows the levels of plasma BUN and Cr at 24 hr 
after I/R injury. The BUN levels in the Sham, Vehicle, EPO, 
and AsialoEPO groups were 15.5±0.1 mg/dL, 179.5±76.0 
mg/dL, 44.0±19.1 mg/dL, and 44.8±13.8 mg/dL, respec- 
tively. The BUN level in the Vehicle group was significantly 
higher than that in the Sham, EPO and AsialoEPO groups 
(one-factor ANOVA; P<0.05). The Cr levels in mice of the 
Sham, Vehide, EPO, and AsialoEPO groups were 0.13±0.01 
mg/dL, 1.24±0.70 mg/dL, 0.24±0.08 mg/dL, and 0.25±0.13 
mg/dL, respectively. The plasma Cr level in the Vehicle group 
was significantly higher than that in the Sham, EPO, and 
AsialoEPO groups (one-factor ANOVA; P<0.05). There were 
no significantdifferences in BUN (t test; P=0.54) and Cr (nest; 
P= 1.73) levels between the EPO and AsialoEPO groups. At 7 
days after I/R injury, the BUN levds in the Sham, Vehide, 
EPO, and AsialoEPO groups were 15.1 ±0.1 mg/dL, 41.2 ±9.7 
mg/dL, 31.0±6.2 mg/dL, and 29.2±5.2 mg/dL, respectively 
(one-factor ANOVA; P>0.05). The Cr levds in mice of the 
Sham, Vehide, EPO, and AsialoEPO groups were 0.15±0.01 
mg/dL, 0.31 ±0.03 mg/dL, 0.20±0.01 mg/dL, and 0.21±0.02 
mg/dL, respectivdy (one-factor ANOVA; P>0.05; Fig. 3). 
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FIGURE 1. Plasma BUN and Cr levels at 6 hr after I/R 
injury. At 6 hr after I/R injury, there were no significant 
difterences in plasma BUN (A) and Cr (B) levels in the Ve- 
hicle, EPO, and AsialoEPO groups. 



To evaluate whether EPO and asialoEPO abrogated 
I/R-induced apoptotic cell death, kidneys 24 hr after I/R in- 
jury were stained by the TUNEL method (Fig. 4). In the Ve- 
hicle group, apoptotic cells were abundant, being present 
mainly at the cortico-meduUary junction (F^. 4C and D). On 
the other hand, apoptotic cells were decreased in the EPO and 
AsialoEPO groups (Fig. 4E-H). The numbers of apoptotic 
cells in the Sham, Vehicle, EPO, and AsialoEPO groups were 
0.1 ±0.1, 98.9±42.6, 3.3±0.7. and 2.9± 1.6, respectively (Fig. 
41). The number of apoptotic cells was sigirificantly hi^er in 
the Vehicle group than in the other three groups (one-faaor 
ANOVA; P<0.05). There was no significant difference in 
the number of apoptotic cells between the EPO and Asia- 
loEPO groups (t test; P=1.74). Apoptotic cell death in- 
duced by 1/R injury was significandy ameliorated by EPO 
and asialoEPO. 

The results of Western blotting are summarized in Fig- 
ure 5. No change in the expression of p38 was observed at 6 hr 
after I/R injury. However after 24 hr, EPO and asialoEPO 
suppressed the expression of p38. The relative intensities in 
the Vehicle, EPO, and asialoEPO groups were 89.3, 7.2, and 
1.6, respectively (one-factor ANOVA; P<0.05), and asialo- 
EPO inhibited the expression of p38 significantly more po- 
tently than did EPO (f test; P=0.04). 

As TUNEL staining showed that EPO and asialoEPO in- 
hibited I/R injury-induced apoptosis, pro- and anti-apoptotic 
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FIGURE 2. Plasma BUN and Cr levels at 24 hr after I/R 
injury. At 24 hr after I/R injury, the plasma BUN (A) and Cr 
(B) levels in the Vehicle group were significantly higher 
than those in the Sham, EPO and AsialoEPO groups. -fStatis- 
tically significant. 



molecules were then evaluated. Expression of the proapop- 
totic molecule Bad was increased 24 hr after I/R injury in the 
Vehicle group, whereas EPO and asialoEPO suppressed the 
expression of Bad. The relative intensities of Bad in the Vehi- 
cle, EPO, and asialoEPO groups at 24 hr after I/R injury were 
43.1, 18.7, and 14.2, respectively, and the degree of inhibition 
by EPO differed significantly firom tiiat by asialoEPO (t test; 
P=0.04). Expression of the antiapoptotic molecules Bd-xL 
and XIAP was suppressed in the Vehide group, but con- 
versdy increased in the EPO and AsialoEPO groups at 6 and 
24 hr after 1/R injury. The rdative intensities of Bd-xL in the 
Vehide, EPO, and asialoEPO groups were 9.5, 20.3, and 19.0 
at 6 hr, respectively (one-factor ANOVA; P<0.05), and 5.5, 
11.4, and 14,4 at 24 hr, respectivdy (one-factor ANOVA; 
P<0.05). The relative intensities of XIAP in the Vehide, EPO, 
and asialoEPO were 9.2, 17.3, and 9.2 at 6 hr, respeaivdy 
(one-fector ANOVA; P<0.05), and 6.8. 14.3, and 18.9 at 24 
hr, respectively (one-feaor ANOVA; P<0.05). The expres- 
sion of Bd-xL and XIAP in the asialoEPO group was greater 
than that in the EPO group {t test; P<0.05). 

We examined whether the protective effect of EPO and 
asialoEPO against I/R injury would result in improved sur- 
vival. The survival rates at 7 days after I/R injury in the Sham, 
Vehide, EPO, and AsialoEPO groups were 100%, 21.4%, 
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FIGURE 3. Plasma BUN and Cr levels at 7 days after l/R 
injury. At 7 days after I/R injuiy, there were no significant 
differences in plasma BUN (A) and Cr (B) levels between 
the Vehicle, EPO, and AsialoEPO groups. 

23.1%, and 53.8%, respectively (Fig. 6). The survival rate in 
the AsialoEPO group was significantly higher than that in the 
Vehicle and EPO groups (P=0.05). 

DISCUSSION 

Previous studies have shown that EPO exerts protective 
effects in murine and rat models of acute kidney injury. In the 
study by Patel et al., I/R consisted of 30 min of ischemia, and 
EPO was given at a dose of 1000 lU/kg for 3 days before, and 
upon reperfusion. After 24 hr of reperfusion, EPO attenuated 
renal dysfunction as judged from the serum Cr level and his- 
tological studies, but the effect on survival was not reported 
(18). Many studies have investigated the effect of EPO in rats 
with acute renal Mure. Yang et aL administered EPO (3,000 
lU/kg) 24 hr before I/R injury, and reported that it signifi- 
cantly reduced the increase in the senun Cr level and apopto- 
sis of proximal tubule epithelial cells (10). In another study, 
bolus injection of EPO at a low dose (300 lU/kg) protected the 
kidney from I/R injury (19), However, the effect of EPO on 
survival after l/R injury in rodent model was limited. 

AsialoEPO, a fully desialated form of EPO, has several 
unique characteristics, including a shorter plasma half-life, 
more rapid elimination from the systemic circulation, and 
higher affinity for the EPO receptor (EPOR) in comparison 
with EPO (20). In the kidney, EPOR is expressed m proxi- 
mal and distal tubule cells (21). Also, it has been shown 
that capillary endothelial cells express EPOR, including 
renal capillaries (22). Hypoxia activates molecules of the 



hypoxia-inducible factor (HIP) family, including EPO 
(23), and thus the EPO-EPOR pathway is likely to be facil- 
itated in I/R kidney. 

It has been reported that the oigan- and tissue-protective 
effects of EPO and its derivatives are exerted not only through 
the homodimer of classical EPOR, but also through a het- 
erodimer of EPOR and the common /3-subunit (CD131). 
The common ^-subunit is expressed in various organs, 
such as the kidney and liver. Thus, the renoprotective ef- 
fect of asialoEPO maybe due to activation of EPOR and the 
common jS-subunit heterodimer (24). 

The intracellular signaling pathway utilized by EPO in 
kidney I/R injury is not fiilly imderstood. EPO binds to 
EPOR, and subsequently phosphorydates Janus kinase 2 
( Jak2) . Activation of Jak2 then leads to activation of a number 
of signaling pathways, such as those involving signaling trans- 
ducer and acthrator of transcription 5 (STATS), phosphoino- 
sitol 3 kinase (PI3K)/Akt, and mitogen-activated protein 
kinase (MAPK) (7). 

MAPKs are serine/threonine kinases, consisting of 
at least three major groups: activation of extracellular 
signal-regulated kinase (ERK), p38-MAPK, and c-jun NH2- 
terminal kinase (JNK). MAPKs are activated by dual phos- 
phorylation of tyrosine and threonine residues within their 
molecule. The ERK pathway is activated mainly by mitogens, 
and INK and p38 are activated mainly by cellular stress. Ac- 
tivation of the JNK and p38 pathway leads to various biolog- 
ical events, such as apoptosis and inflammation. In a rat renal 
I/R model, activation of JNK reportedly triggered cell apopto- 
sis (25). In other studies, activation of p38-MAPK exacer- 
bated I/R injury in the heart (26, 27) and small intestine (28). 
Yang et al. reported that in a rat model of renal I/R injury, 
EPO administration inhibited the activation of JNK, and at- 
tenuated renal dysfunction (10). In the present study, EPO 
and asialoEPO did not inhibit the expression of JNK at 6 and 
24 hr after I/R injury (data not shown). On the other hand, 
expression of p38-MAPK was strongly suppressed by EPO 
and asialoEPO at 24 hr after I/R injury. Thus, EPO and 
asialoEPO may exert their antiapoptotic effect by inhibiting the 
p38-MAPK signaling pathway in this mouse renal I/R model. 

The mechanism responsible for the antiapoptotic ef- 
fects of EPO remains unclear. Johnson et al. reported that in a 
rat acute renal failure model, EPO and darbepoietin de- 
creased the expression of Bax, and did not affect the expres- 
sion of Bcl-2 and Bd-xL (29). On the other hand. Sharpies et 
al. reported that EPO increased the ejtpression of Bcl-xL and 
XIAP in vitro (19). The present study demonstrated that EPO 
and asialoEPO inhibited the expression of the proapoptotic 
molecule Bad, and increased the expression of tiie antiapop- 
totic molecules Bd-xL and XIAP. 

Our study showed that both EPO and asialoEPO im- 
proved the plasma BUN and Cr levds at 24 hr after I/R injury. 
The plasma levels of BUN and Cr in EPO- and asialoEPO- 
treated mice were not significantly different. Furthermore, 
TUNEL staining revealed that apoptosis was significantly in- 
hibited in EPO- and asialoEPO-treated mice, but that the 
number of apoptotic cdls did not differ significantly between 
the two groups. However, when survival rates were compared 
with that of vehide-treated mice, it was foimd that whereas 
EPO had no effect on survival, asialoEPO improved survival 
significandy. The predse mechanism responsible for the bet- 



Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. 



508 



nai^lanlation • Vohune 84, Nimibei 4, August 27, 2007 



(A)H&E 



(B)TUN£L 



40X 



400 X 



40 X 



400X 



VeUde 




EPO 





















M 




AsialoEPO 




(Q 



150-1 
§ 100- 



a 



FIGURE 4. Apoptotic cells in the kidney after I/R injury in the Vehicle, EPO, and AsialoEPO groups. In each case, the right 
kidney was removed 24 hr after I/R injury and stained with hematoxylin and eosin (A) and by the TUNEL method (B). 
Apoptotic cells appear brown after TUNEL staining and are observed mainly at the corticomedullary junction. (C) Actual 
numbers of apoptotic cells were counted. The number of apoptotic cells was significantly higher in the Vehicle group than 
in the other three groiq>8. 
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EIGURE 5. Protein expression in the kidney after I/R in- 
jury. EPO and asialoEPO inhibited the escpression of p38- 
MAPK at 24 hr after I/R injury. EPO and asialoEPO also 
inhibited the expression of the pro-apoptotic molecule Bad, 
and stimulated the expression of the anti-apoptotic mole- 
cules Bd-xL and XIAP at 24 hr after I/R injury. B-actin was 
used as an endogenous controL 
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HGURE 6. Survival after I/R injury. The survival rate at 7 
days after I/R injury in the AsialoEPO group was signifi- 
cantly higher thao^ that in the Vehicle and EPO groups. 

ter survival of AsialoEPO-treated mice in comparison with 
EPO-treated mice remains to be elucidated. The higher affin- 
ity of AsialoEPO than diat of EPO for the EPOR may result in 
a stronger intracellular cell survival signal by inhibiting apo- 
ptosis. In fact, densitometry of Western blots revealed a 
weaker Bad signal, and stronger Bd-xL and XIAP signals at 24 
hr after I/R injury. 

The other possibility is that asialoEPO may exert a 
more systemic effect than EPO, and the extra-renal effect of 
asialoEPO may have contributed to the improved smvival. In 
fact, the neuroprotective effect of asialoEPO has been exten- 
sively studied, and is reported to be more potent than that of 
EPO (30, 31), Furthermore, it has been reported that p38- 
MAPK has broad systemic effects. Inhibition of p38-MAPK 
activation reduces myocardial injury (32), and inhibits pro- 



inflammatory cytokines such as IL-I and TNF-a (33). In the 
present study, the more potent inhibitory effect of asialoEPO 
on p38-MAPK than that of EPO might have contributed to 
the improved survival. In addition, there was no significant 
difference in the number of apoptotic cells between the EPO 
and AsialoEPO groups (Fig. 4). However, asialoEPO may 
have inhibited tubule necrosis more potently than EPO by 
inhibition of p38-MAPK (25). 

Although the cause of death in the experimental mice 
was unclear, our model, consisting of 60 min of ischemia in 
heminephrectomized mice, was more severe than previously 
reported models (10-13). Even in the asialoEPO-treated 
group, 46.2% of the mice died within 48 hr of I/R injury, and 
it is possible that some may have died due to causes other than 
renal dysfunction. 

In conclusion, asialoEPO attenuates renal I/R Injury to 
the same degree as EPO. The renoprotective effect of EPO and 
asialoEPO maybe due to suppression of p-38-MAPK, inhibi- 
tion of the pro-apoptotic molecule Bad, and activation of the 
anti-apoptotic molecules Bcl-xL and XIAP. These modula- 
tions of intracellular signaling are more potent for asialoEPO 
than for EPO. Further studies will be needed to clarify pre- 
cisely why asialoEPO, but not EPO, improves the survival of 
mice with renal I/R injury. 
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SUMMARY 

Guanidination of the nine £- amino groups or picolinimidyla- 
tion of the a- and €-amino groups yielded active derivatives 
of DNase. Since modification of the enzjrme with these 
large substituents, which have delocalized positive charges, 
should have inactivated the protein if amino groups were in- 
volved in the catalytic reaction, none of the primary amino 
groups of DNase can be essential for catalysis. 

When positive charges on the enzyme were removed by 
carbamylation of the a-amino group and about seven 
amino groups, the protein had about half of its original ac- 
tivity. But the Ca++ complex of this derivative was almost 
fully active. Carbamylation of the remaining two amino 
groups inactivated DNase and Ca+"'' did not restore activity; 
therefore, the positive charges on these groups probably help 
to maintain the active structure of the enzyme. It is not 
likely that the two amino groups are involved in binding 
Mn++-DNA, since they do not seem to be freely available 
for reaction with cyanate. 

Trinitrophenylation gave results similar to those of car- 
bamylation, but only one amino group of Ca+^-free DNase 
or four to five groups of Ca"'"*"-DNase could be trinitrophenyl- 
ated without inactivation. The neutral, hydrophobic trinitro- 
phenyl groups probably distort the enzyme more than car- 
bamyl groups do. Two to three amino groups resisted 
trinitrophenylation, which may also indicate that these 
groups have structural roles. 

Simplified procedures are described for the chromato- 
graphic determination of homocitruUine and for the spectro- 
photometric titration of free amino groups with 2,4, 6-trinitro- 
benzenesulfonic acid. 

The a-picolinimidyl, 6-guanidino derivative of DNase A 
was active, and its metal-chelating picolinimidyl group could 
facilitate the preparation of isomorphous derivatives for z-ray 
studies. 



Bovine pancreatic deoxyribonuclease (deoxyribonudeate oligo- 
nucleotidohydrolase, EC 3.1.4.5) is a mixture of very similar 
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glycoproteins (1-3) with molecular weights of about 31,000 (4), 
each consisting of a single polypeptide chain (1, 2). Divalent 
metal ions are required for activity on DNA (5-7), for stability 
in the presence of proteases (2), and for re-formation of the di- 
sulfide bonds of reduced DNase A (8). Carboxymethylation 
of 1 histidine residue of DNase A in the presence of Cu*^ or 
Mn++ inactivates the enzyme (9). 

In order to determine whether the one a-amino and the nme 
eamino groups of DNase have a role in the mechanism of action 
of the enzyme or in maintaining its structure, we have modified 
the amino groups with several reagents. The activities of the 
derivatives and the effects of metal ions on them have been 
determined. 

EXPERIMENTAL PROCEDURE* 

Materiala — DNase, DP grade, was purchased from Worthing- 
ton and purified by chromatography on phosphocellulose (1) 
after treatment with DFP* (2). A column (2 X 40 cm) with a 
sintered glass disc at the bottom w&s used and 500 mg of DNase 
were applied; the resolution was the same as on the longer col- 
umn (1). The A form of DNase (1) was used for the following 
studies. DNase A, RNase A, and calf thymus DNA were also 
purchased from Wortliington. 

DFP and O-methylisourea hydrogen sulfate were obtained 
from Aldrich. Methyl picolinimidate was prepared and used 
as described previously (10). KNCO was recrystallized (11) 
and "C-KNCO came from New England Nuclear. A^-Ethyl- 
morpholine was a product of Matheson Coleman and Bell, East 
Rutherford, New Jersey, and was redistilled over nmhydrin 
(12). Ultra Pure guanidinium chloride was obtained from 
Mann. Glycylglycine was supplied by Cyclo Chemical Com- 
pany and e-aminocaproic acid by K and K Laboratories, Plain- 
view, New York; both had the correct elemental compositions. 
Other chemicals were reagent grade. Glass-distilled water was 
used for all solutions. 

Dialysis tubing, from Union Carbide, New York, New York, 
was washed successively in hot 0.1 m Na^COt,^ 20 mM sodium 
acetate and 1 mM EDTA buffer at pH 4.7, 10 mM acetic acid, 
and water, and stored in 95% ethanol at 4^. 

Assay for DNase — ^DNase activity was determined by a modifi- 
cation of the hyperchromicity assay of Kunitz (13) as described 

1 The abbreviations used are: DFP, diisopropyl phosphorofluo- 
ridate; TNBS, 2,4,6-trinitrobenzene3ulfonic acid. 

* Throughout this work, the molarities of the buffers refer to the 
total concentrations of the species that buffer at the indicated pH. 
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by Price et aX. (2). One unit of activity gives an increase in 
absorbance at 260 nm of 1.0 per min in a 1-cm cell of a solution 
of 40 /ig of calf thymus DNA per ml of 0.1 m sodium acetate 
and 5 mM MnClj buffer, pH 5.0, at 25**. For one experiment, 
ZnClj was used in place of the MnClj. 

Protein Analyses—The concentration of native DNase was 
determined spectrophotometrically by use of AjgT'am = 
for 1 mg per ml (1, 4). The concentration of derivatives of 
DNase A could be determined by amino acid analysis on the 
basis that the enzyme contains 6 histidine, 12 arginine, 33 as- 
partic acid, 20 glutamic acid, and 22 alanine residues (2). Al- 
ternatively, the amount of protein could be estimated (to d: 15%) 
by alkaline hydrolysis and ninhydrin analysis (14, 15) with the 
experimentally determined color yield equivalent to 6.7 /imoles 
of leucine per mg of protein. 

Proteins were hydrolyzed (16) and analyzed for amino acids 
(17) with accelerated systems (18) on columns of Beckman- 
Spinco AA-15 (0.9 X 65 cm) and AA-27 (0.9 X 11 or 0,6 X 10 
cm) or M-82 (0.9 X 54 cm) and PA-35 (0.9 X 6 cm) resins. 
Homoarginine eluted just aSf^r arginine and was assumed to 
have the same color value as arginine. Picolinimidyllysine was 
determined as previously described (10). The amino acid 
compositions, except for lysine, of all of the derivatives were the 
same as native DNase. 

The extent of modification of the NHrtenninal leucine residues 
(1) was determined with the cyanate method (19). Carbamyl- 
ated DNase (native or modified) gave significant, but variable, 
amounts of threonine, serine, glutamic acid, and glycine. How- 
ever, blank determinations on imcarbamylated DNase gave 
similar amounts, indicating that these amino adds were not 
NHs-terminal. 

Detemimtion of HomocUruUine by Amino Add Anahysi»— 
HomocitruUine was eluted between cystine and valine on a 
column (0.9 X 64 cm) of Beckman-Spinco resin AA-15 developed 
at 50 ml per hour with 0.2 n sodium (citrate) buffer, pH 3.30, 
i.e. 0.05 pH unit higher than usual (17), at 56^* (2^* higher than 
usual). The higher pH shifts the cystine peak forward so that 
it largely overlaps the alanine peak (20). The higher tempera- 
ture shifts the horaocitnilline peak forward so that it is resolved 
from the valine peak. These modifications permit one to de- 
termine homocitrulline on the same column used for routine 
analysis, rather than on a 150-cm column (21). A separate 
analysis of the same sample with the usual conditions is required 
for the determination of alanine and cystine. The color value 
for an analytically pure sample of homocitrulline was found 
to be 118 ± 3% of the average of the values for glycine and 
vaUne. Since homocitrulline is slowly hydrolyzed to lysine 
(19), carbamylated DNase was hydrolyzed for 22 and 46 hours, 
and the values for homocitrulline were extrapolated with first 
order kinetics to zero time. The sum of the lysine and homo- 
citrulline residues found was slightly less l^ian ih& number of 
lysme residues in native DNase in some samples. 

DeimaiTwiion of Number of Free Amino Groups wiih 2,^,6- 
Trinitrohemenesulfonic Acid— The TNBS reaction (22) was 
carried out under modified conditions (23). In a 1-cm cuvette, 
200 fil of 0.6 M sodium borate buffer, pH 9.5, was mixed with 
200 /d of a solution of DNase or a derivative of DNase (2 to 4 
mg per ml) in 0.05 or 0.10 m sodium acetate buffer, pH 4.7, with 
or without 1 to 6 mM CaCla. After 60 fil of 0.2 m NaOH were 
added, the reaction was initiated by the addition of 50 /il of a 



freshly prepared solution of 7.2 mg of TNBS* per ml of water. 
The reaction mixtures were kept at 25"* in the cuvette holder in 
the spectrophotometer and were not exposed to light except 
when the absorbance at 367 nm was measured against a control 
mixture with the same composition as the reaction mixture 
except that the solution of protein was replaced with the buffer 
against which the protein was dialyzed. The wave length was 
chosen because it is at the isosbestic point for c-trinitrophenyl-oc- 
acetyllysine and its sulfite complex and thus the extinction 
coefficient (at 367 nm, 1.1 X 10* m"' cm~* (25)) does not change 
with the extent of reaction. Hence it is not necessary to acidify 
the solution before each reading (23). An advantage of the 
method described here as compared to the method with one time 
of reaction (23) is that the continuous method may reveal 
classes of amino groups with different reactivities (26, 27). 
Furthermore, it is possible to follow the reaction to completion, 
or at least until a class of groups has fully reacted. 

Glycylglycine and eaminocaproic acid reacted with TNBS 
giving maxhnum absorbance (e « 1.1 X 10* =fc 10% cm~^ 
at 367 nm) in 20 and 60 min, respectively (second order rate 
constants 100 and 40 m"* min-0. Similarly, 9.9 of the 11 
amino groups of KNase A (phosphate-free) reacted in 60 min. 
Eight of the ten amino groups of Ca+***-free DNase reacted with 
TNBS (with pseudo first order kinetics) in 1.5 to 3 hours. In 
the presence of 5 mM GaCk, 7.3 amino groups reacted in 3 hours. 
Based on these studies, we have assumed that any free amino 
groups (of the seven to eight groups that can react with TNBS 
in native DNase) of a derivative of DNase react with TNBS 
in 1 to 4 hours. (With some derivatives, the Aw? continued to 
increase after 4 hours, but the reaction was very slow and prob- 
ably not with primary amino groups.) Independent analyses 
of the free a- and c-amino groups of various derivatives were 
consistent witli this assumption. We used this procedure 
prmcipally to support the chemical analyses or to allow us to 
determine quickly how many amino groups were free. For 
instance, we found more free groups in some derivatives than 
were expected, and we used this as presumptive evidence that 
proteases had exposed additional a-amino groups; treatment of 
DNase with DFP before derivatization prevented the appearance 
of extra amino groups. 

RBSULTS 

Guanidination of DNase — DNase A, 100 mg, was dissolved 
in 4 ml of 0.25 m sodium acetate buffer,^ pH 4.7, containing 20 
fi\ of DFP and allowed to stand 2 hours at room temperature.^ 

• TNBS was prepared from picryl chloride and sodium bisulfite 
(24) , and recrystallized from 5 m HCl ; the white crystals were dried 
over PsOs in a vacuum (water pump) : 82** sintered, m.p. 189-192**. 
To determine the formula weight of the TNBS, which has variable 
water content, we determined the elemental composition with a 
Perkin-Elmer 240 Elemental Analyzer: found C 19.86, H 2.46, N 
10.02. From the percentage C, we calculated a weight of 360 (3.7 
HjO): theoretical C 20.01, H 2.90, N 11.67. Although the per- 
centage N was low, we believe the analyzer gives incorrect results 
with trinitrophenyl compounds . The sodium salt of TNBS, which 
is dihydrated, gave correct percentages for C and H, but low N 
also. 

* DFP treatment at pH 4.7 inactivated traces of proteases in the 
purified DNase A. At pH 10.6, DFP inactivated DNase, and 
three diisopropylphosphoryl groups were incorporated into DNase 
that had 15% residual activity after treatment with 60 mM DFP at 
pH 10.6 and 25^ for 1 hour. At pH 8 or 4.7, DNase was not inac- 
tivated by DFP, and, at pH 4.7 (2), diisopropylphosphoryl groups 
were not incorporated into DNase. 
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The solution of DNase was dialyzed against 10 mM CaCU at 
4* and mixed with an equal volume of 1.0 m 0-methylisourea at 
pH 10.6 (adjusted with NaOH). The reaction was allowed to 
proceed 4 days at 4° (28) and was stopped by dialysis against 
0.1 M sodium acetate and 5 mM CaCli buffer, pH 4.7, at 4*. 
A small amount of insoluble protein was removed by centrifuga- 
tion. The specific activity of the derivative was 55 units per 
mg, or 75% of the initial activity. Amino acid analyses showed 
that all of the 9 iymie residues had been converted to homo- 
arginine residues. Analysis showed 0.8 ± 0.2 residue of NHa- 
terminal leucine, indicating that the a-amino group was not 
modified. In confirmation of these analyses, the TNBS reac- 
tion (220 min) showed 0.8 free amino group per molecule of 
guanidino-DNase. The ultraviolet spectrum of guanidinated 
DNase was very similar to that of native DNase. 

If DNase was guanidinated in the absence of CaCls, without 
the DFP treatment, the derivative had all of its e-amino groups 
guanidinated and its a-amino group free, but it was only 40% 
as active as native DNase. 

Pi^olimmidylcUicn of DNase — ^The conditions for this modifica- 
tion reaction were adapted from Benisek and Itichards (29). 
DNase, 10 mg per ml, in 0.5 m triethanolamine-HCl buffer, 
pH 8.0, containing 1 mM CaCU, was treated with 0.1 m methyl 
picolinimidate for 22 hours at 25 and then with 0.2 m reagent 
for an additional 8 hours. The picolinimidylated DNase was 
freed of reagent by dialysis against a 0.05 m sodium acetate and 
1 mM CaClj buffer, pH 4.7, at 4°. A small amoimt of insoluble 
protein was removed by centrifugation. The derivative had the 
same specific activity as the starting material. As shown in 
Fig. 1, about ten picolinimidyl groups were incorporated into 
the derivative. The red shift in the difference spectrum as 
compared to the ilieoretical spectrum was apparent also if the 
spectrum of picolinimidylated DNase was measured in the 
absence of CaCla or in the presence of 4.8 m guanidinium chloride. 
Amino acid analyses showed the presence of about nine pico- 
linimidylly sines, and there was only 0.3 eq of NHrterminal 
leucine. (Reaction of DNase with 0.1 m methyl picolinimidate 
for 24 hours resulted in the modification of the nine lysines but 
only about half of the NHa-terminal leucine residues.) Determi- 
nation of the free amino groups of the derivative with TNBS 
showed 0.6 of a residue. Thus, most of the amino groups were 
picolinimidylated. 

When DNase was picolinimidylated in the absence of CaCU 
(and dialyzed against sodium acetate buffer without CaCls)» 
its activity was essentially unchanged and about 9.5 picolinimidyl 
groups were incorporated (as determined by spectral analyses 
at pH 4.7 with or without 4.8 m guanidinium chloride), Amino 
acid analyses gave about nine picolinimidyllysines. However, 
the TNBS reaction showed 2.6 amino groups that reacted in 2 
hours. These amino groups probably arose from proteolysis, 
to which DNase is much more susceptible in the absence of 
Ca++ (2). 

a-Picolimmidyl, e-Guanidino-DNase — Since the nine c-amino 
groups could be guanidinated without modifying the a-amino 
group or inactivating DNase and the €- and a-amino groups 
can be picolinimidylated without inactivating DNase, it seemed 
feasible to prepare an active derivative of DNase with one 
picolinimidyl group per molecule. Following the approach used 
by Benisek and Richards (29), we picolinimidylated the guani- 
dinated protein. 

The guanidino-DNase was prepared as described in a preced- 




240 250 260 270 280 290 300 310 320 



Wavelength, nm 

Fig. 1. Spectral characterization of picolinimidylated DNase. 
The spectra of picolinimidylated DNase (•- — •) and native 
DNase (■ ■) and the difference spectrum (A A) are pre- 
sented. From the absorption at 262 nm and the extinction coeffi- 
cient for iV-butylpicolinamidine (6700 m~* cm"' (29)), we calculated 
that the derivative had about 10 picolinimidyl groups for which the 

theoretical difference spectrum is given ( ). The proteins 

were dissolved in 0.05 m sodium acetate and 1 mM CaCls, pH 4.7, 
and clarified by centrifugation. The spectra were read with a 
Zeiss PMQ II spectrophotometer. The concentration of DNase 
was determined from the absorption at 280 nm and the concentra- 
tion of picolinimidylated DNase was determined by amino acid 
analysis. A molecular weight of 31,000 (4) was assumed in the 
calculations. 

ing section and was dissolved in 0.1 m sodium acetate and 5 mM 
CaCl] buffer, pH 4.7. A one-third volume of 2 m triethanol- 
amine-HCl and 5 mM CaCU buffer, pH 8, was added, bringing 
the pH of the solution to 8. We added 1 drop of DFP (about 
10 /ml) per 4 ml of solution to inactivate proteases. Then 50 
/il of methyl picolinimidate were added to each 4 ml of solution 
(making the solution 0.1 m in reagent) and the reaction was 
allowed to proceed for 12 hours at 25**, at which time an addi- 
tional 50 fA of methyl picolinimidate per 4 ml were added. After 
12 more hours, the reaction was terminated by dialysis of the 
solution against 0.1 m sodium acetate and 5 ihm CaClj buffer, 
pH 4.7, at 4*. A small amount of precipitate was removed by 
centrifugation; the over-all yield of soluble protein was about 
70%. The derivative had a specific activity of about 47 units 
per mg, which is about 65% the activity of the native DNase 
(dissolved in 0.1 m sodium acetate and 10 mM CaCls buffer, 
pH 4.7, before assay). 

About 1.5 (±0.4) picolinimidyl groups were incorporated into 
the derivative as determined from the difference spectra between 
the derivative and the guanidino-DNase in the presence or 
absence of 4.8 m guanidinixun chloride. The difference spectra 
were similar to the theoretical spectrum for i^-butylpicolinami- 
dine, except that the protein derivative had more absorption at 
295 nm (as in Fig. 1). This absorption could be due to metals 
complexing the picolinimidyl groups; however, the addition of 
EDTA to the solution without guanidmium chloride did not 
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Fig. 2. Inactivation of DNase by cyanate. DNase A, 10 mg 
per ml, in 1.0 m trie thanol amine -HCl buffer, pH 8.0, was treated 
with 1,0 M KNCO at 37**. The effect of CaCU on the inactivation 
was tested in two different ways : 10 iom CaCl j was present during 

the carbamylation (■ or the enzyme was carbamylated in 

the absence of CaCl« and then diluted into 10 mM CaClj 15 min 
before assay (• For comparison, DNase was carbamyl- 
ated and assayed in the absence of CaClj (A A)« For the en- 
zyme assays an aliquot (0.2 ml) of the reaction mixtures was added 
to 0.8 ml of 1 M glycylglycine, pH 7. Some of the sample was 
diluted fuHher (4-fold) into 1 m Tris-HCl buffer, pH 8, with or 
without 10 mM CaCli. Alternatively, a sample of the reaction 
mixture was diluted 20-fold into 1 M Tris-HCl buffer, pH 8, with or 
without 10 mil CaCls. For all assays, 10 /il of the diluted reaction 
mixture were added to the 1-ml assay mixture. 

significantly change the difference spectrum. Perhaps an a- 
picolinimidyl group does not have the same spectrum as A^-butyl- 
picolinamidine. 

The modified DNase had 0.07 residue of NHj-terminal leucine. 
Since the guanidino-DNase had 0.8 =h 0.2 NHz-terminal leucine, 
picolinimidylation of the a>amino group was almost complete. 
Amino acid analysis showed a trace of e-picoliniraidyllsraine, 
corresponding to about 0.3 residue per molecule. These data 
indicate that the major product was the desired derivative, but 
that some molecules of DNase have been picolinimidylated on 
both a- and eamino groups and some enzyme with a free a-amino 
group was present. The TNBS reaction showed that 1.3 groups 
were free to react within 2 hours; although c-pieolinamidines 
apparently do not react rapidly with TNBS (see previous sec- 
tion), flt-picolinamidines may react, which would account for 
this observation. 

We studied the structural stability of the derivative by reduc- 
ing its disulfide bonds and then allowing them to re-form in the 
presence of Ca++ (8). The enzyme was reduced with 50 mM 
mercaptoethanol in 50 mM Tris-HCl, pH 7.2, and 5 mM EDTA 
at 25*^. The derivative and DNase lost activity at the same 
rate. After 60 min of reaction both enzymes were essentially 
inactive (on Zn"^-DNA), but the addition of CaClj (20 mM) 
at that time initiated the regain of activity. Although DNase 
and the derivative both regained about 60% of their original 
activity, the derivative regained activity at about one-half of 
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NUMBER OF GROUPS CARBAMYLATED 

Fig. 3. Incorporation of cyanate into DNase during inactiva- 
tion. DNase was treated with ^*C-ICNCO and assayed for enzy- 
mic activity as described in Fig. 2. The number of groups car- 
bamylated in Ca^ -DNase (■ ■), Ca+^-free DNase assayed in 

the presence of Ca++ (• or Ca-^-free DNase (A A) 

was determined as follows. Aliquots of the reaction mixtures 
were taken at 10 min, and 1, 2, 3, 4, 6, 8, 10, and 12 hours and di- 
luted into 1 M glycylglycine (brought to pH 7 with 1 m Trie) as a 
means of stopping the carbamylation. These samples were 
dialyzed at 4'' against 0.1 M Tris-HCl buffer, pH 8, and then 0.1 m 
A^-ethylmorpholine-HCl buffer, pH 8.0, imtil the radioactivity 
(10) of the outer dialysate approximated the radioactivity of the 
background. Samples of the inner dialysate were taken for the 
determination of the radioactivity (collecting at least 10,000 
counts above background) and protein concentration. Samples 
of the original reaction mixture were counted for the determina- 
tion of the specific radioactivity of the cyanate. The reaction 

carried out in the presence of 10 mM CaCU (■ ■) had 16 nCi 

per mmole of cyanate; the reaction without CaCls (• #, 

A A) had 9.3 mCI per mmole of cyanate. 

the rate of native DNase. Apparently the structure was not 
markedly affected by modification of all of the amino groups. 

Reaction of DNase and Cyanate — Since substitution of the 
c-amino groups with positively charged groups did not inactivate 
DNase, the carbamylation of DNase, which leads to uncharged 
groups, was studied. At pH 8, cyanate forms stable derivatives 
with a- and 6-amino groups, but not with other functional 
groups of proteins (11). As shown in Fig. 2, carbamylation of 
DNase in the presence of 10 mM CaCU sli^tly increased the 
activity of DNase. After about 6 hours of reaction, cyanate 
began to inactivate DNase. If CaCU was not present during 
the reaction, but if the carbamylated enzyme was diluted into 
10 mM CaCls 15 min before assay, it was 2 hours before inactiva- 
tion became apparent. If CaCU was never added, cyanate 
inactivated DNase without a lag and with pseudo first order 
kinetics (calculated as a second order rate constant, 
/? « 2.7 X 10~' M"i min~*) over at least the first 8 hours of 
reaction. 

The activity of DNase as a function of the incorporation of 
cyanate is presented in Fig. 3. When DNase was carbamylated 
in the presence or absence of CaCU but assayed after dilution into 
10 mM CaCU) 7 to 8 molecules of cyanate could be incorporated 
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per molecule of DNase without a significant loss of enzymic 
activity. Incorporation of 3 to 4 more molecules of cyanate led 
to almost complete inactivation. (Cyanate was incorporated 
faster into Ca++-free DNase than into the Ca++ complex of 
DNase, thereby shifting the relative positions of the curves 
from that seen in Fig. 2.) In contrast, the incorporation of up 
to about 8 molecules of cyanate into Ca**^-free DNase was 
accompanied by partial inactivation of the enzyme. Almost 
complete inactivation was again obtained with the incorporation 
of about 11 eq of cyanate. (The extrapolation to 11 is only ap- 
proximate because of the few points and the inaccuracies of the 
determinations of radioactivity and protein concentration. We 
ass\m:ie that the actual number is 10 (2).) 

From NHs-terminal analysis and analysis for homocitruUine 
we determined the number of amino groups modified in DNase 
that was treated with cyanate in the presence of 10 mM CaClj 
(as in Fig. 2) for 6 or 24 hours, dialyzed against water, and 
lyophilized. With the usual procedures of the cyanate method 
(19), carbamylated NHj-terminal residues were cleaved from the 
protein by cyclization to the hydantoins, and the hydantoins 
were isolated and hydrolyzed to the free amino acids. One 
residue of leucine per molecule was obtained for each prepara- 
tion, indicating that the a-amino group was completely modified. 
From the rate of reaction of KNCO with a-amino groups (11), 
only about 15 min should be required to carbamylate completely 
the o-amino group. On the other hand, e-amino groups are 
modified about 100 times more slowly (11). From amino acid 
analyses, the sample carbamylated for 6 hours had 6.9 residues of 
homocitruUine and the sample carbamylated 24 hours had 8.5 
residues. 

TrinUrophenylation of DNase — As with carbamylation, trini- 
trophenylation of amino groups leads to uncharged derivatives, 
but the trinitrophenyl group is larger than the carbamyl group 
and is hydrophobic. 

DNase reacted readily with TNBS and was inactivated. In 
the absence of added metal ions, the inactivation began after 
only about one ammo group had reacted, and thereafter the 
activity remaining was proportional to the number of trinitro- 
phenyl groups incorporated (Fig. 4). Extrapolation of the 
data to zero activity indicated that reaction of seven amino 
groups occurred during complete inactivation. If the reaction 
mixture contained 5 mM CaClj, about four groups could react 
without causing loss of activity, but, again, when seven groups 
had reacted, the activity was completely lost. 

The stabilizing effect of CaCU was also apparent from the 
kinetics of trinitrophenylation of the DNase in the two experi- 
ments. Without CaCla, the inactivation was pseudo first order 
(after a 30-min lag) with a calculated second order rate constant 
of about 60 M"' min^^ The rate of incorporation of trinitro- 
phenyl groups was pseudo first order throu^out the course of 
150 min of reaction, with a second order rate constant of about 50 
min~^ In the presence of CaCIi the rate of inactivation was 
also pseudo first order (after a 120-min lag) with a second order 
rate constant of 7 m^^ min~^ The incorporation data, however, 
revealed two classes of amino groups (26): three reacting with 
the rate constant of about 68 m"^ min~^ and four with a rate of 
about 12 M"* min~*. 

If 50 mM MgCl2 was present during the reaction, instead of 5 
mM CaClj, the activity verms incorporation curve resembled 
the curve with CaClj, except that only about three groups could 
be modified without loss of activity. Thus Mg++ can also 




NUMBER OF GROUPS TRINITROPHENYLATED 

Fig. 4. Inactivation of DNase by the incorporation of trinitro- 
phenyl groups. DNase A, about 0.5 mg per ml, in 0.3 m sodium 
borate buffer, pH 9.5, was treated with 0.29 mM TNBS in the dark 

at 25*^ for 5 hours in the absence of metal ions (A ▲) or for 23 

hours in the presence of 5 jam C&Ch (• •). The absorption 

at 367 nm was measured against a control reaction containing 
TNBS but no DNaae. At appropriate times 10 /il of the reaction 
mixture were taken for assay of the enzyme activity. DNase lest 
no activity if TNBS was not present. 

stabilize trinitrophenylated DNase. Adding CaClj to DNase 
that was partially carbamylated in the absence of CaClj increased 
the enzymic activity and counteracted to some extent the modifi- 
cation of amino groups (Fig. 2). Therefore we determined 
whether Mg++ could increase the activity of DNase trinitro- 
phenylated in the absence of metal ions. During the reaction, 
the enzyme was assayed before and after dilution into 50 mM 
MgCli in 0.3 M sodium borate, pH 9.5. Although Mg^ in- 
creased the activity observed (by 25% initially), the plots of the 
percentage of activity against incorporation were the same. 

As shown in Fig. 4, the activity verms incorporation curves 
extrapolate to about seven groups incorporated at zero activity. 
However, the number of groups incorporated at maximum reac- 
tion {Au7 at observed or calculated maximmn) was 7.6 to 7.9 
without CaCU, 6.9 with 5 niM CaCla, and 7.6 with 60 mM MgClj. 
Determination of the number of free amino groups with 2 mM 
TNBS (as described under "Experimental Procedure") gave 
8.0 ±0.1 groups, with or without 50 mM MgCU, but only 7.3 
in the presence of 5 mM CaCl2. Since DNase has ten amino 
groups, apparently two to three do not react with TNBS. 

DISCUSSION 

The derivatives of DNase prepared in this work, the numbers 
of amino groups modified in each, and their activities are sum- 
marized in Table I. Since the guanidino and picolinimidyl 
derivatives are active we conclude that none of the primary 
amino groups of DNase ia essential for catalysis of the hydrolysis 
of Mn++-DNA. Although the guanidino and picolinimidyl 
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groups are positively charged at the pH of the assay (5.0) the 
charges are delocalized by resonance and the substituents are 
larger than the amino group. Thus we would expect the deriva- 
tives to be inactive if any amino group were essential for cataly- 
sis. Guanidination (30) or acetimidylation (31) of the amino 
groups of RNase A inactivates that enzyme, without causing 
gross structural changes (31), presumably by modifying the 
€-amino group of lysine 41, which is at the active site (32, 33). 

Carbamylation of the a-amino group and about seven of the 
€>amino groups of Ca++-free DNase markedly reduces the ac- 
tivity of the enzyme, but Ca++ can reverse this apparent in- 
hibition. Thus removal of the positive charges on the amino 
groups probably alters the structure of DNase. It has been 
shown that Ca"*^ stabilizes the enzyme (2, 8); the pr^nt re- 
sults show that Ca++ also counteracts the effects of carbamyla- 
tion of eight amino groups. 

Completely carbamylated DNase is inactive and Ca''^ can- 
not restore its activity. One might conclude from this result 
that two amino groups are essential for activity; they could be 

Table I 

Derivaiives of DN<Me A and their activities 
The number of amino groups modified was determined by the 
various methods described in the text. The activity is relative 
to native DNase assayed in the same way; the derivative was in a 
solution containing CaClj before assay unless otherwise indicated. 
The activities for the carbamyl and trinitrophenyl derivatives are 
taken from Figs. 3 and 4. 



Derivative 


Substituent 


CaCh 
used in 

prep- 
aratton 


No. of 
amino groups 
modified 


Ac- 
tivity 










% 


Ouanidino 


©NH, 


0 


8.8 e, 0.1 a 


40 




1 








H,N— C- 


5 


8.0 E, 0.2 a 


75 


Picolinimidyl 


eNH, 


0 


9.5 (e + o) 


100 














\=N 


1 


9 e, 0.7 a 


100 












a-Picolinimidyl, 




5 


9.0 c, 0.9 a 


65 


e-guanidino 










Carbamyl 


0 


0 


7«. la 


55« 


II 








H,N-0- 


Oor 10 


7e, la 


90 






Oor 10 


9 c, 1 a 


0 


Trinitrophenyl 


NO, 


0 


1 


95"* 






0 


7-8 


0* 






5 


4-5 


100 




NO, 












5 


7 


0 



" Assayed in the absence of Ca+**'. 



involved in the binding of DNA, for instance. But these 
amino groups do not appear to be freely available for such 
interactions smoe they are the last groups to react with cyanate. 
We think it is more likely that the two amino groups participate 
in maintaining the three-dimensional structure by ionic or hy- 
drogen bonding. Once these groups are modified the enzyme 
may change into an inactive conformation. In any case, it is 
clear that removal of the positive charges on these critical groups 
inactivates DNase. Guanidination or picolinimidylation of 
these amino groups does not interfere with the normal roles of 
these groups in determining the active conformation of the mole- 
cule; apparently the positively charged substituents can be 
accommodated by the protein structure. Such modified amino 
groups could participate in ionic or hydrogen bonding with only 
slightly less effectiveness than primary amino groups. 

We did not study the guanidination and picolinimidylation 
as a function of the time of reaction, so we do not know whether 
two amino groups are also less accessible in these reactions. 
Furthermore, we do not know whether the 2 eq of amino groups 
that react last with cyanate are on 2 specific lysine residues or 
distributed among several lysines. Cyanate also inactivates 
RNase, but it is the carbamylation of tiie first amino groups to 
react that leads to inactivation (21). 

The results with trinitrophenylation of DNase were similar 
to those with carbamylation, but fewer groups could be trini- 
trophenylated without loss of activity. The hydrophobic 
trmitrophenyl groups could interact with hydrophobic regions 
of the enzyme, thereby altermg the structure of the protein 
considerably. With RNase A, dinitrophenylation of the espe- 
cially reactive €-amino group of lysine 41 inactivates the enzyme, 
apparently with a concomitant conformational change (34); 
dinitrophenylation of the a-amino group, which is not near the 
active site (32, 33), reduces the activity of RNase 40% (34). 
Two to three amino groups of DNase apparently cannot react 
with TNBS; perhaps these are the same groups that react last 
with cyanate. 

The a-picolinimidyl, c-guanidino derivative is active and might 
be useful for x-ray crystallography. The picolmimidyl group 
chelates various heavy metal ions and the preparation of iso- 
morphous derivatives could be facilitated. Benisek and Rich- 
ards (29) found that the corresponding derivative of lysoayme 
is fully active and can be crystallized. 
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ABSTRACT Emssive acthatkn of gtntamate ncepUm 
mmmiMmM by Ca** owtoadteg fa thought to be rwpoiMlWc 
for Um death of ncorons fai yarknu conditloiis faicfaidhig stfoke 
and epUep^. Neurons also die If deprived of Important growth 
fectm and trof^ tnfhiWKCT, conditions sensitive to certain 
oncogene products such as the Bcl2 protein. We now demon- 
strate that transforming growth foctor type fi (TGF-A pre- 
vents neuronal Ca''*' oveiloadlng at rat hippocampal semmis 
In response to tht ^ntamatergk agonist AT-methsl-D-aq^artate 
or the Ca'**' ioaiophore 4*Br*A23187 and, fai addition, leads to 
a substantial increase in neuronal Bd2 protelD expression. 
Parallei cytotoxicity experiments dcmoostnite tliat treatment 
with TGF'P protects rat liippocampal neurons from death 
hiduoed by exdtotoxidty) trophic &ctor removal, and oxida- 
tive ii^ury. Thus, TGF-^ mqy protect against a wikie range of 
toxic insults by reguiatiag two fiKtors with great bnportance for 
neunmal vfaOiillty. 



Inappropriate activation of giutamate receptors is thought to 
be responsible for the death of neurons following brain insults 
such as ischemia, epilepsy, and trauma (1). It is widely 
believed that the deleterious effects of giutamate receptor 
overactivation (excitotoxicity) are mainly due to massive 
Ca^^ influx through N-methyl-D-aspartate (NKa>A) recep- 
tors, leading to toxic Ca^"** overloading and its sequelae (1). 
On the other hand, it is known that under some circumstances 
neurons can die due to activation of a process loiown as 
programmed cdi death. Under these circumstances, death is 
frequently associated with apoptosis (2). In the central ner* 
vous system, this type of neuronal death commonly occurs 
during development (3). Pathophysiologicaily, apoptotic cell 
death may be involved in Alzheimer ^-amyloid peptide 
toxicity (4), in the death of certain neuronal populations in 
response to cerebral ischemia (5), as well as in free radical- 
mediated neuronal damage (6). Ftogrammed cell death is also 
under the control of a set of genes that have either positive 
or negative effects (7). One of these is the Bcl2 gene (8, 9), 
which is expressed m large amounts hi the central nervous 
system (10). 

Growth factors and cytokines are promising agents for 
treatment of a wide variel^ of neurodegoierative diseases for 
which little or no alternative treatments exist. Although 
neurotrophic/neuroprotective effects of these peptides 
against both excitotoxic and qwptotic cdl iojury have been 
reported from numerous in vitro and in vivo studies, little is 
known about their potential mechanisms of action. In the 
present study, we demonstrate that the neuroprotective 
cytokine transforming growth frictor type p (TGF-^; ref. 11) 
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is able to acutely stabilize neuronal Ca^*** homeostasis under 
conditions of pathophysiolQgical Ca''*' overioadiog and also 
produces a rapid induction of the Bcl2 oneoprotehi. 

MATERIALS AND METHODS 

Gefl Cnltnre. Primary hippocampal neurons were dissoci- 
ated from embryonic day 17 Holtzman rat embryos and plated 
onto poIy(L-lysine)-coated glass coverslips. like cells were 
mamtained m serum-free medium [Dulbecco*s modified Ea- 
glets medium with modified N2 supplements (N2-DMEM)] 
above a layer of secondary astrocytes (12). For biochemistry, 
hippocampal neurons were plated on 35-mm tissue culture 
dishes with perforated plastic coverslips containing astrocytes 
directly opposing the neurons. Cells used m this study were 
between 10 and 16 days in vitro. Animal care followed uni- 
versity guidelines. 

Induction <tf Neuronal Ii^ury. Excitotoxic injury was in- 
duced by washing the coverslips in Hepes saline (146 mM 
Naa/10 mM Hepes/2 mM CaQz/l mM MgQa/S mM 
KCl/10 mM D-glucose, pH 7.4 and 312 mosM) and exposing 
them subsequently to the glutamateigic agonist NMDA (100 
mM) in Mg-free Hepes s^e supplemented with O.I mM 
^ycine. After 20 min, coverslips were washed in saline and 
returned to conditioned culture medium. Controls were ex- 
posed to Hepes saline only. Mortality was assayed 24 h later 
by fluorescein diacetate/propidium iodide double staining 
and trypan blue exclusion. A total of 400-500 neurons were 
counted per coverslq>. 

Apoptosis was induced by deprivation of trophic influ- 
ences. For this purpose, coversUps with neurons were re- 
moved from the astrocyte layer, washed once in Hepes 
saline, and maintained in Hepes saline for a period of 24 h. 
Osmolarity of the saline was set to that of the culture medium. 
C^ll viability was determined after 24 h of deprivation by 
morphdogical criteria. Viable neurons were identified having 
round to oval, smooth soma and intact neurites. Apoptotic 
death was verified morphologically and by using terminal 
deoxynucleotidyltransferase-based immunodetection of 
DNA fragmentation (Oncor) in coiuunction with the diami- 
nobenzidine staining method. 

Free radical-mediated neuronal iiuury was induced by a 
24-h exposure to 0.1-10 iM Fe2(NH4)2(S04)2 in K2-DMEM. 
Viability was determined by morphological criteria. TGF-/3 
(recombinant human; R&D Systems) stocks (1 /ig/ml) were 
made in saline containing 1 mg of ovalbumin per ml and 4 mM 
HCl. Controls were treated with vehicle. 



Abbreviations: [Ca^'^'li, intenud free calchun concentration; FCCP, 
carbonylcyanide p-trifluoromethoxypbenylhydrazone; NMDA, 
W-methyl-D-aspaiiate; R-123, rhodamioe 123; TOF-A transforming 
npwth fector type fi. 
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nQorimetric Measurements* Intracellular free calcium con- 
centration ([Ca^**^]!) was calculated by digital video micnh 
fluorimetry (13). Cells wete loaded with fiua-2 acetoxyme* 
thyl ester (3 pM) for 15 min at 37°C and were allowed at least 
30 min of wash for dye deesterification. Intracellular free 
sodhun concentration ([Na^li) was determined by the dye 
sodium-bittding benzoftiran isophthalate (SBFI; Molecular 
Probes) and flira-2 imaging methods (14, 15). Cultures were 
loaded with 10 ^ SBFI plus 12.25% phironic F*127 for 1 h 
at 37T and washed 30 min. Mitochondrial potential was 
monitored by measuring rhodamine 123 (R-123) fluorescence 
by digital imaging microfluorimetry and methods similar to 
those described (16). Cells were incubated for 2 min in saline 
containing 10 ;iM R-123 (Molecular Probes), and fluores* 
cence intensity monitoring began after 2 min of wash. Mito- 
chondrial potential was dissipated by 2-min applications of 1 
§M carbonylcyanide p-tiifluoromethoxyphenylhydrazone 
(FCCP) to the bath. Experiments were performed at 22-24°C. 

Protchi Gd Electrophoreds. For biochemistry, plastic cov- 
ersiips containing th^ astrocytes were removed from the 
cultures after treatments; protein samples were quantitated 
(BCA protein assay; Pierce) and analyzed by SDS/12J% 
PAGE. After electrophoresis, the proteins were transferred 
to nitroceUulose and probed widi a polyclonal antibody 
(1:1000) specific for Bcl2 (17). Detection of the signal was 
performed with an enhanced chemiluminescence detection 
kit (Amersham). Densitometric measurements were per- 
formed by means of an Ultrascan XL enhanced laser densi- 
tometer. 

Statistics. Statistical comparisons were made by / test or 
ANOVA followed by the Student-Newman-Keuls test. Non- 
parametric data were analyzed by the Mann-Whitney U test 
or the Kruskal-Wallis H test followed by Dunn*s test. 

RESULTS 

TGF-^1 Protects Against Exdtotoxic IiUury and Death 
Induced by Deprivation of IVophIc Influences. Iqjury to cul- 
tured rat hippocampal neurons induced by a 20-min exposure 
to the glutamatergic agonist NMD A was characterized by the 
appearance of a rough, darkened soma with pylmotic nuclei 
(Fig. 1 A, arrows) and loss of phase brightness. Fragmenta- 
tion of neurites was preceded by swelling and formation of 
phase>dark blebs (Fig. lA Right). A 2-h pretreatment of 
cultures with TGF-/31 at concentrations between 1 and 10 
ng/nd produced dose-dependent protection from nmronal 
death with complete protection occurring at 10 ng/ml (Fig. 

IB) . TGF-01 also prevented neuronal death when added 
simultaneously with NMDA and even conferred a degree of 
protection when added 1 h after tbt NMDA exposure (Fig. 

IC) . Protection against NMDA-induced iigury was also 
obtained with a 2-h pretreatment using TGF-^ (10 ng/ml), 
whereas a variety of other growth facton inchiding fibroblast 
growthiactor 2 (50 ng/ml), brain-derived neurotrophic factor 
(50 ng/ml), and epidermal growth fector (20 ng/ml) were 
without an eflSect in this paradigm (data not shown). 

Neuronal injury produced by depriving cells of trophic 
influences showed distinct morphological changes. After 24 
h, these changes were characterized by roughening of the 
plasma membrane, biebbing, and occasicmally large translu- 
cent swellings. In many cases, the nucleus moved to one side 
of the neuronal soma (Fig. 2A). DNA fragmentation was 
detectable 12 h after trophic foctor withdrawal with more 
widespread and intense staining after 18 h (Fig. 2A Right). 
Pretreatment of the cultures with TOF-^ (0.1-10 ng/ml) for 
24 h afforded significant protection agamst death caused by 
trophic frtctor removal (Fig. 2B). Whfle addition of TGF-/n 
2 h before the insult stiU afforded significant protection, 
addition of TGF-^l at the time of astrocyte removal produced 
no effect (Fig. 2C). 
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Fio. 1. TGF-^1 protects cultured rat hippocaaq»l neurons fhnn 
NMDA-mediated excitotoxicity. (A) {Center) Morphological 
changes canted by toxic exposure to NMDA typified by rough, 
darkened soma with pyknotic miclei (anows), loss of phase brigjit- 
ness, and frsgmentation of neurites. (L^) Neuron before NBIDA 
exposure, (fiight) Fragmentation of neurites was preceded by fo^ 
niatkm of phasendaric Uebs. (Bars " 15 pm). (10 SorWval of neurons 
treated with 100 ^ NMDA for 20 min was significantly enhanced 
by a 2-h pretreatment with TGF-^ . Toxicity data are given as means 
± SEM ftom four or five coveraltps. Triplicate experiments gave 
similar results. (C) Significant protection was obtained with 2rh 
TGF'Pl pretreatment (10 ng/mJ). when coappiied with NMDA. 
when applied after the 20-oun NMDA treatment, or even 1 b after 
NMDA exposure. Data are means ± SEM from four or five cove^ 
slqps. Duplicate experiments gave simihtf results. *,^<0.05; •*^P 
<0.01; ^,P< 0.001. 

TGF'pi Prevents Pftthophyskaoglcd Ca^ OmlDadfa«. 
Fig. 3 shows the effect of NMDA on [Ca^'^L in an experi- 
mental paradigm identical to that used for the toxicity ex- 
periments. NMDA produced sustained increases in [Cd?*^ 
that often reached high plateaus and persisted even after 
agonbt washout. Many cells also showed secondary in- 
creases in [Ca^'^'L after agonist removal, probably an hidica- 
tion of impending death (Fig. 3A). CeUs pretreated with 
TQF-^ for 2 h exhibited greatly reduced [Ca^^li responses 
to NMDA (Fig. 3 B and C) and returned rapidly to control 
levels after removal of the agonist. Secondary [Ca'^h in- 
creases and plateaus were rardy observed. TGF-^1 also had 
the capacity to lower NMD A-mduced [Ca^'^'L increases when 
given acutdy . Treatment with TGF-^ (10 ng/ml) for 10 min 
reduced the peak increases caused by lO-seciqyplicationof 30 
iM NMDA by 24.4% ± 4.6% compared to vehicle-perfused 
controls. These changes were specific for [Ca^"^! smce 
NMDA-induced inoeases in [Na***]! were not altered by acute 
treatment with TGF-^1 (Fig. 30). Using the whole-cell patch 
damp technique, we found that NMDA-induoed currents 
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Fio. 2. TGF-^ protects cultured fBt hippocampal neurons from 
death induced by deprivatioa of trophic influences. (A) Moiphdogy 
of neurons undei^oing death induced by trophic fiictor removal was 
characterized by rouslienins of the plasma membrane, bkblnng, and 
large translucent swellings. Note that the nudeus moved Co one side 
of the neuronal soma(£</^). DNA fragmentation was detectable after 
18 h of deprivation (lower Right), whereas control cultures showed 
00 staining (Upper Right). (Bar » 13 pm.) ifi) Deprivation of trophic 
influences resulted in 709& mortality at 24 h in untreated cultures. 
Significant protection resulted from a 24-h pretreatment with 0.1*10 
ng of TGF-^1 per ml. Data are means ± SEM from four or five 
covcislips. TOplicate experiments gave similar results* (C) Hiaibest 
protection was observed with 24-h pretreatment (time, -24 h) with 
TOF'^1 (10 ng/mi), less protection occurred with 2>h pretreatment 
(time, -2 h). and mortality was not altered if T0F-/31 was added only 
at the onset (time, 0) of trophic frictor removal. Means ± SEM from 
four or five covers!^. Duplicate experiments gave shnilar results. 
0.001. 

also speared unaltered in cells peifiised witii TGF-/91 (data 
not shown). 

The ability of TGF-/31 to enhance Ca^"*^ buffering during 
ghttamate receptor overactivation is a likely protective mech- 
anism. To test this possibility fiirther, we found that cells 
treated with TGF-^l showed greatly reduced increases in 
[Cd?^'k due to C^^'*' ionophore (4-Br-A23187) exposure. Fig. 
4A demonstrates that 4-Br*A23187 produced a dose-depen- 
dent increase in neuronal [Ca'**^]!. TOF-^l-treated cells ex- 
hibited greatly reduced increases in [C^'*'t after 4-Br-A23197 
treatment (Fig. 4 B and C). At the highest ionophore con- 
cMtrations used, [Ca^***]! roiched very high levds (plateaus), 
outlasting ionophore application. Despite increasing to high 
levels during application of 8 /iM 4-Br-A23187, [Cs?*h fre- 
quently returned r^idly to baseline in TQF-/n-treated ceUs 
after washout of the ionophore, a result rarely observed in 
control neurons. Furthennore, smaUer maximum slopes for 
[Ca^'*']i increases were typical in TOP-^l-treatcd ceUs CFig. 
4D). 
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Fio. 3. TGF-^1 enhances [Ca^'^L buffering in hippocampal neu- 
rons exposed to NMDA. (A) Baseline fluctuations in [Ci^^L repre- 
sent ongohig network aed^ at excitatory synapses es t a bl i sh ed 
between cultured nenrcms (12). Four r^resentative neurons are 
shown. Application of NMDA QOO /iM; 20 min) i^nduced sustained 
elevations in (Ca^'*'It in most neurons that outlasted ^n>li<^oa. Note 
secondary increases in three of four neurons shown. (jB) A2rh 
pretreatment with 10 ng ^TGF-^ per ml reduced peak (Ca^-^li and 
plateau level during NMDA ^plication. TGF-/31 was present during 
NMDA exposure. Rapid recovery was evident in aU four represen- 
tative neurons. (C) Average {C9?*l was significantly lower in 
T0F-/31-treated neurons at all time points measured, including basal 
[Ca?*h Data are fitMn 25 control and 18 TQF-^l-treated neurons. 
Experiment was p erf or med four times with similar results. (D) Peak 
increases and recovery time constants for {^a^h elevations induced 
by NMDA (30 |iM; 10 sec) were not significantly ahered (P > 0.1). 
Data are means ± SEM (dotted line) from n *> 27 controls and 11 « 
28 TOF-^l-treated neunms. Experiments pe i fonned in dup licate 
with similar results. *, < 0.05; P < 0.001. 

To determine whether the Ca^^-stabilizing effect of 
TOF-^1 may be associated with improved cellular energetics, 
mitochondrial potential was analyzed by using the mitochon- 
drial dye R-123 (IQ. Mitochondrial staining with R-123 was 
significantly more intense in neurons pretreated for 24 h with 
TGF-/91 than in control neurons (initial intensity: TGP-/31 » 
93.8 ± 6; control = 73.2 ±3.9 intensity units; P < 0.001) (Fig. 
5). The change in fluorescence produced by the mitocfaon- 
drial uncouplor FCCF was significantly greater in TGF-^- 
treated cdls ^or first FCX^P application: TGF-^1, A » +35.2 
± 5.4: control, A » +15.5 ± 2.6 Intensity units; P < 0.01). 
ittdioaing a greats mitochondrial potential. Bfitochondrial 
potential in TOP-^-treated ceUs also recovered more cpiiddy 
after washout of FCCP, resulting in fester recovery time 
constants (TGF-^ » 13.6 ± 2.0sec; control » 51.2 ± 8.08ec; 
P < 0.001) and greater retention of R-123. 

TGF-^1 Induces Ncurtmal Expression (tf the Bd2 Oncopro- 
tein. Unlike NMDA toxicity, the protective effects ci 
TOF-^1 on cell death caused by deprivation of trophic 
influences were manifest only after a period <^ pretreatment 
(Fig. 2C). It has been demonstrated that the 26-kDa product 
of the Bcl2 gene can protect a variety of cells against certain 
types of cell death, often associated with withdrawal of 
important trophic fiactors (8, 9). Although Bc]2 is expressed 
in the T"f""'"»"»» brain (10), details of iU regulation remain 
undetermined. We observed that neurons treated with 
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FHo. 4. TGF'Pl treatment enhances the ability of hippocampal 
neurons to buffer [Ca^^L during treatment with the Ca^*** tonophore 
4-Br-A23187. (A) Representative records from fbur control neurons 
exposed to two 5-sec 50 mM KCl ai^ltcations and applications of 2, 
4, and 8 fM 4-Br-A23187. (0) Representative reocnds from four 
neurons pretreated for 2 h with 10 ng of TOF-^ per ml. (C) Peak 
increase in (Ca^'^^li was higher in control neurons, significantly {f < 
0.01) at 2 and 4 fM ionophore concentrations (n « 18 controls and 
If » 20 TGF*^l-treated neurons). (I>) Maximum slopes attained 
during increases to peak [Ca^^L were significantly fester in contrds, 
even where peak [Ca^^L was not different (8 (iM 4-Br-A23187). 
Reductions in [C^'*')i plateaus and/or significantly smaller maximum 
slopes were observed in seven of eight experiments. P < 0.05. 

TGF-^ or 'P3 showed a greatly enhanced expression of the 
Bcl2 oncoprotein (Fig. 6A). Significant enhancement oc- 
curred after 2 h of TGF-^1 (10 ng/ml) treatment, with even 
larger effects after 24 h (increase of 239% ± 61% and 595% 
± 176%, respectively; n - 4 experiments). Bc]2 protein 
induction occuned at low concentrations with clear 
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Fko. 5. TGF-^1 treatment inq^roves nutochondrial energetics. 
Neurons were stained with R-123 2 odn prior to time 0. Upper solid 
trace represents mean R-123 fluorescence intensity of 15 neurons 
after a 24-hpretreatment with 10 ngofTGP-/31 per ml; dashed trace 
is mean + SEM. Lower trace pairs concspond to control mean (n 
^ and mean - SEM. FCCP (1 /jM) released more flumscence in 
TGF*/I>treated cells, indicating that those mitochondria were mitially 
more polarized than those in control cells. After washoot of FCCP, 
R-123 was resequestered faster and retained better in TOF-^-Created 
cells. Data are representative of four experiments. 
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Fto. 6. TGF-/91 treatments induce expression of BcD oncopro* 
tern. (A) Western bloU showing Bcl2 expression in untreated cultures 
and induction of Bd2 oncoprotein after > and 24-h pretreatment with 
10 08 of TGF-^1 per ml or 24-h pretreatment with 10 ng dTOP-fi 
per ml. (B) Concentration dependence of Bcl2 indnction by TGF-^1 
for 244i pretreatment. Firrt two ianes are vehicle-treated and TGF- 
^-treated (10 i^ml) gcIIb, followed by treatments with 0.01* 0.1, 
and 1 ng/ml. TripUcate experiments yielded similar results. 

effects after addition of 0.1 ng/ml (Fig. 6B). Thus, the time 
course and concentration dependence of Bcl2 induction were 
simOar to that observed for the protective effects of 
after deprivation of trophic influences. 

Protects Against Free Radkal-Mcdlated Neuronal 
Iidury. While the mechanism of Bcl2 action is not yet fUUy 
elucidated, recent reports suggest that Bcl2 protects cells by 
inhibiting the generation or effects of reactive oxygen species 
(18, 19). We therefore, evaluated whether TGF*^ might also 
project neurons against oxidative neuronal iiuury. For this 
pmpose, the hippocampal cultures were exposed to ferrous 
ions that catalyze the formation of oxygen radicals QO). 
Exposure to iron resulted in a dose-dependent increase in 
neuronal mortality that was significantly reduced in TGF-/91 
pretreated cells (Fig. 7). 




Fto. 7. Pretreatment with TGF-01 (10 ng/mi) for 24 h protects 
against iioninduced oxidative iqjuiy. Cultures were exposed to iron 
as described. Data are means ± SEM from four covenlips. Exper- 
iment was peiforaied in duplicate. P < 0.01; P < 0.001. 
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DISCUSSION 

The present study demonstnttes that T0F-/3s have the ca- 
pacity to r^vlate two factors with great importance for 
neuronal viability and to protect neurons against a wide range 
of toxic insults. We sug^st that the TGF-^ play an impor- 
tant role both in maintenance of neuronal vialHlity in the 
unlesioned brain (21) and in limiting the destructive conse- 
quences of metabolic and traumatic insults to the central 
nervous system (22). 

Treatment of rat hippocampal neurons with TGF-01 pro- 
tected against NMDA receptor-mediated excitotoxic injury 
and against ii\jury induced by depriving the ceils from trophfe 
factors. While die death induct by deprivation of trophic 
foctors show^ many the characteristics of apoptosis (ref. 
2; Hg. 2), excitotoxic injury exhibited m<nphol(^^ changes 
that are typical of necrotic injury, including dendritosomatic 
swelling and an eariy loss of membrane integrity (refs. 1 and 
2; Fig. 1). These processes are normally accompanied by 
failure of the cell to regulate ion homeostasis (refs. 1 and 2; 
Fig. 3A). In particular, overloading with Ca^'*' is thought to 
play a key role in glutamate- and NMDA-induced neuronal 
injury (1, 23). We demonstrate here that treatment of hippo- 
campal neurons with TGF-^l leads to improved Ca^**^ ho> 
meostasis in response to the ghitamatergic agonist NMDA or 
the C^'^ ionophore 4-Br-A23187, an effect that may well be 
related to the protective effects against NMDA-mediated 
injury. 

TGF-/31 appears to infhience the interaction between 
[Ca^*^]! and mitochondrial energetics. In support of this idea, 
we have found that mitochon<^ia appear to be more hyper- 
polarized and are more able to maintain their membrane 
potential after TGF-/5 treatment (Fig. 5). This implies that 
mitochondrial function and» as a consequence, Ca^^ buffer- 
ing and extrusion are enhanced. In turn, greater buffering of 
[C^^^li during prolonged NMDA or calcium ionophore ex- 
posures implies that TGF-^-treated neurons would experi- 
ence less Ca^'*'-mediated mitochondrial uncoupling (16, 24). 
It is interesting to note that a previous study has demon- 
strated that TGF-/91 is localized to mitochondria in different 
cell types (25), but the significance of this remains unknown. 

Treatment with TGF-^ also produced a rapid and pro- 
nounced induction of the Bcl2 oncoprotein in neurons (Fig. 
5). Microinjection of Bcl2 expression plasmids has been 
shown to protect neurons against certain types of apoptotic 
cell death (9). We now give evidence that this may also occur 
physiolc^cally— in response to TGF-jSl. Althoi^ it seems 
highly likely Umi the increased expression of Bcl2 may 
contribute to the protective effect against trophic factor 
withdrawal, we cannot exclude that effecU of TGF-jSl other 
than, or in conjunction with, those on Bcl2 expression may 
be involved in the protective effect of this cytokine. 

It is currently believed that the death of neurons and other 
cells can be categorized as necrosis or apoptosis according to 
several criteria (2). Nevertheless, many of the same factors 
might be involved in both phenomena. This would include a 



role for Ca^^ and also toxic free radicals (1, 2, 7, 18, 19). It 
seems that TGF-^ may be able to modulate the viability of 
neurons in a variety of situations by sinuiitaneously orches- 
trating different key protective elements in the cell. 
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Human recorabinfint erythropcHetiD (rHuEPO) was chenrically modified with several ^up-specific reagents in CH^der to 
study the role of each land of amino-add residue in its biological activity. Guanidination of the amfno groups of the 
lysine re^dues yi^ded derivatives that showed hig^ acthities in vitro than native rHiiEPO, whereas amidination had 
no effect on the acthity. By contrast, modification of the positive charges of the lysine residues to neutral or negative 
diarges, such as In carl)amy]ation, trinitrophaiylati<«, acetylation or suodnylation, caused a significant loss of rHuEPO 
activity. Chemical modification of odmr amino-acid residaes» snch as ai^ghiine and tyrosine residues or carboxyl groiq;is» 
also led to loss of activity. 



Introdoction 

Eiythrcpoietia is a glycoprotein hozmcne which reg- 
ulates the number of pcxipheral erythrocytes [1,2,]. Re- 
cently, recQmbinant human eiythropoietin (rHuEPO) 
was successfully produced in Chinese hamster ovazy 
(CHO) cells [3], and is now available for clinical use. 
Over the last tcTf years, the biological [4-6] and phar- 
macological [7,8] properties of rHoEPO have been ex- 

tensi vely^st udied, jmd it s clinical valu e has been clearly 

demonstrated [9,10]. jHEowever, little is'lmown^fibut tHe"" 
molecular mechanisms of the biological activity of 
rHuEPO. 

To identify the functional domains of rHuEPO, 
Sytlcowski and Donahue [11] used anti-peptide anti- 
serum against erythropoietin (EPO) and pointed out the 

- -impOFtaOCe rif th« r<*girtn mrrf-Cpftn^jiy^g tO thc amillO- 

add residues 99-129, while Wang et aL [12] suggested 
the crucial role of the disulfide bridge between Cys*29 
and Cys-31. 



Abbreviations: rHuEPO, recombinant human eiythropoietin; CHO, 
Chinese hanuter ovaiy; TNBS> 2,4,6,-tnjutrobenzenesulfomc acid; 
EDC. l<thyl-3<3'"dtmethyl8nunopropy))carbodiW GDMP. 1- 
guaayl-3,S-dinietfaytpyraz6Ie; SDS*PAOE, SDSUpotyaerylamide gd 
electrophoresis. 

Correspoodeace: Katsuhiko Asano^ Pharmaceutical Laboratoiy, Kizin 
Brewety Co, Ltd., l-2*2« Sotv'ft-mschi, Maebashi, Ounma, 371, Japan. 



We have previously tried to determine the active 
domain of rHuEPO by partial proteolysis of the mole- 
cule, but no active peptide fragment has so far been 
foimd (Satake et aL, unpublished data). In this report, 
we show that the activity of rHuEPO is sensitive to 
chemical modification of lysine, argimne and tyrosine 
residues, as weU as carbo^^l groups* and discuss the 
influence of these modifications, particularly changes in 
the net charge of the molecule, on the biological activ- 

ity- ^ ' 

Materials and Mediods 
Materials 

rHuEPO was highly purified to homogenity from the 
conditioned media of the CHO cell line expressing the 
human erytliropoietin gene by ion-exchange, reverse- 
■Pfeftsg flnd _gel_cJturQ™^tography. The purity was more 
than 99% by SDS-PAGE and ini vivo spenfic'acfiv^^^^ 
was measured at 200000 lU/mg protein. o-Methyliso- 
urea hydrogen sulfate, aminoguanidine nitrate, 2,3- 
butanedione, phenylglyoxal and 1,2-cyclohexanone were 
purchased from Aldrich (Belgium). Potassiiim cyanate 
and tetranitromethanc were obtained from Sigma 
(U.S.A.). 2,4'pentadione, ethylacetiimide hydrochloride, 
2,4,6,-trinitrobenzene5ulfonic acid (TNBS) and 1-cthyl- 
3-(3'-dimethyIaminopropyl) carbodiimide hydrochloride 
(EDC) were obtained from Wako Pure Chemical 
(Japan). l-Guanyl-3,5-dimcthylpyra2ole (GDMP) was 
synthesized by the method of Bannard et al. [13] from 
aminoguanidine and 2,4-pentadione. 
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Chemical modification 

GiumidinatioTL rHuEPO was guanidinated with 
^methylisourea [14] or ODMP p.5]. The solution of 
rHuEPO (10 mg/nil) was mixed with an equal volujne 
of 1.0 M o-methylsouraa (pH adjusted to 10.5 with 
NaOH). The reaction was allowed to proceed for 6 days 
at 4^C, and at ^appropriate time intervals aliquots were 
removed and dialyzed against 1 mM HQ to stop the 
reaction. rHuEPO was added at the concentration of 3 
mg/ml in 0.7 M GDMP (pH adjusted to 9.9 with 
NaOH). The mixture was left for 5 days at 4** C and the 
reaction was sabsequently stopped by adding HCI to a 
pH of 3.0, and the excess reagent was removed by 
dialysis against 1 mM HCL 

Amidination, xHuEPO was amidinated by a modified 
method of Zollock ct aL (16]. rHuEPO (2 mg/ml) in 
0.2S M borate buffer (pH 10.0} was mixed with an equal 
volume of 0.4 M ethylacetiiniide in the same buffer. The 
reaction was aUowoi to proceed at room temperature 
for 4 h and was stopped by dialysis against water. 

Corbamyiation rHuEPO (1 mg/ml) was caxbamyl- 
ated with potassium cyanate by the method of Plapp et 
al. [14], 

Triniirophenylation, rHuEPO (1 mg/ml) was tri- 
nitrophenylated with TNBS by the method of Vlapp et 
al {14]. 

AcetytaUarL rHuBPO (2 mg/ml) in 0.3 M phosphate 
buffer (pH 7.2) was incubated with an equal amoimt of 
acetic anhydride at O^C for 1 h and the reaction was 
stopped by dialysis against water [17]. 

SuccinylaiiM. tHuEP0.(2 mg/ml) in 0.5 M NaHCO,, 
(pH 8.0) containing 0.2 M NaCl, was incubated with a 
15-fold molar excess of succinic anydride at 15 ° C for I 
h and the reaction was stopped by dialysis against water 
[18]. 

^ -A/orf/^a/ww o/arginine residue s. Aigiii ine residues of 
rHuEPt) wcx<rmodifi«i'w3ri£3-^^ 
cyclohexanonc [20] or jAcnylB^yoxal [21], as described 
previously. 

Nitration. Tyrosine residues of rHuEPO were mod- 
ified with tetranitromethane P2]. 

Modification of carboxyl groups. rHuEPO (1 mg/ml, 

temperature by 0.02 M EDC employing 1.0 M 
glycinamide [23]. Over a period of 60 mi", aliquots were 
removed at appropriate time intervals and the reaction 
was stopped by the addition of 2 J vol of 1.0 M sodium 
acetate (pH 4.75). 

Analysis 

The number of modified amino-add residues was 
determined principally by amiuo-acid analysis, using an 
Hitachi 835 amino>acid analyzer, after hydrolysis of the 
samples in 6 M HCI in sealed evacuated tubes at 110^ C 
for 24 or 48 h [14]. The number of free amino groups 
was determined with TKBS P4]. 



In vitro biolo^cal activity was measured by de- 
termining the incoiporation of ^*Fe into cultured rat 
bone marrow ceils after incubation with samples [25) 
and in vivo biological activity was detennined by the 
exhypoxic polycythemic mouse bioassay. [26]. 

The amount of siaJylated oligosacdiarides was 
determined by paper electrophoresis of oligosaccharides 
released from derivatives by hydrazinolysis [27]. 

The digestion of the derivatives (1 mg/ml) with 
pepsin (2.5 fig/ml) in 0.1 M acetate buffer (pH 4,5) was 
poformed at ST^'C for 2 h. At appropriate time inter- 
vals, aliquots were analyzed by SDS-PAGE, as de- 
scribed by T,aftmmlT [28], usmg a 12.5% polyacrylamide 
gel The derivatives (0.4 mg/ml) were also digested with 
plasmin (0.1 U/ml) in 0.01 M phosphate buffer (pH 
7.0) containing 0.155 M NaQ at 37 for 5 h- 

Residts 

Derioatives of rHuEPO and their activities 

The derivatives of rHuEPO obtained in this study, 
the numbers of amino acids modified in each derivative, 
and their activities, are summarized in Table L 
Guanidination of the lysine residues significantly in- 
creased the activity of rHuEPO in vitxo. About seven 



TABLE I 

IMvatioes of rHuEPO and their ocdMes 



add 



lyr 



Glu 



Dczvative 
orteagcnt 


Tout No. 
of residucB 


No. of 

xzLodified 

xcsidues 


Activity 

ia vitro in vivo 




8 




260 

240 


50 

56 






6.9 


100 


ii.d. 


carbanayl 




M 


<1 


iLd. 


trimtroi^kenj^ 




4.S 


<1 


iLd. 


acetyl 




6J 


<W 


nA 


suodnyl 




AA 


<1 


ILd. 


butanedione 


12 


2.0 


<20 


a.d. 


cyeSohcxanoiie 




SJI 


<10 


ILd. 


phenylslyoxal 




LO 


<10 


ltd. 


nitro 


4 


1.0 
2.0 


20 
<10 


ILd. 




IS 


4.0 
7X1 


60 
<10 


tud. 

ILd. 



0 



* Relative to native rKuEPO sakea as I00» calculated 
spedlk activities Q2'W lU/mg protein in vitro, : 
protesn in vivo). 

^ Modified with o-metbylisourea. 

* Modified with GDMP. 
ad., not done; 
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out of eight lysine residues were guanidinated with 
0-methylisaurea« while all eight lysine residues were 
modified with GDMP. However, the extent of increased 
activity was almost the same for both derivatives. 
Amino-acid analysis showed that no other modification 
occurred in either of the guanidinated rHuEPO deiiva- 
tives. 

AxnidinatLon of amino groups in rHuEPO led to 
derivatives containing about seven amddinated c-amino 
groups of lysine, as determined by amuio-acid analysis. 
The derivatives retained the positive charges of the 
amino groups as did guanidinated derivatives, but the 
activity remained unchanged. 

To understand the role of the positive charges of 
lysine residues in the activity of rHuBFO, the positive 
charges were neutralized by carbamylation, tri* 
nitrophenylation and acetylatlon, or were changed to 
negative charges by sucdnylation. About six e->amino 
groups of the lysme residues were carbamylated accord- 
ing to the detection of homodtruUine by amino-add 
analysis. Txinitrc^henylation and acetylation also led to 
derivatives containing five to seven modified s-amino 
groups, respectively. As shown in Table I, the in vitro 
activities of all these derivatives were either lost or were 
less than 10% of that of native rHuEPO. Succinylation 
of free »-amino groups also caused complete loss of in 
vitro activity. Ihese results suggest that the positive 
charges of the lysine icsiduefl; though not fully identi- 
fied, are in^rtant for the in vitro activity of rHuEPO. 

Neutralization of the positive charges of argmine 
residues of rHuEPO with 2>'b^tanedione, . 1,2-k^o- 
hexanone or phenylglyoxal also caused a significant loss 
.of in vitro activity, but no particular arginine residue 
essential for the activity of rHiiEPO was identified in 
the molecula rHuEPO was also inactivated by both the 
nitration of two tyrosine residues and the modification 
'(5 "seven carSo3qril?rFups,^h«fcas^^ 
remained after the modification of four carboxyl groups. 

Characterization of guanidinated rHuEPO 

The synthesis of a guanidinated rHuEPO with a 
higher in vitro activity than native rHuEPO led us to 
charac terize this derivadye further. Rg. 1 jhows that the_ 
activity of the derivative in vitro increased with an 
increase in the number of guanidinated lysine residues. 
No significant difference was detected in the effect of 
guaxudination resgents such as ^-methylisourea and 
GDMP on the increased addvity of rHuEPO. These 
results suggest that there is no single guanidinated lysine 
residue specifically involved in the activation of 
rHuEFO. On the other hand, a pepdde-mapping study 
of both guanidinated derivatives suggests that the 
guanidinadon of Ly8-152 is not important for the 
activadon of rHuEPO (data not shown), because only 
Lys-152 was not guanidinated by o-methylisourea, 
whereas aD of the lysine residues were guanidinated by 




li. off noiUIii l|tfa» resUoai 

Fig. 1. Effect of guanzdination on the activity of rHoEPO. rHu£PO 
W&3 incubated whh d-methyfisouxea (•) or GDMP {▲). AHquots were 
removed at ynAtf^t^A times to measuxe the number of lysine re&dnes 
guanidinated, and their in vitro acdvitse$ were measured as described 
in Materials and Methods. In vitro activities (%) are calculated by the 
rado of spediic activities and gtven as a percent of the control Each 
point is the mean±SJe. for three i 



GDMP, and both thes^ derivatives showed ^e $v)e 
increase in activity. 

Hg. 2 shows the dose-response curves of guanidinated 
and native rHuEPO for in vitro activity. ^Fe incorpora- 
tion into bone marrow cells was enhanml by e^qposure 
of the cells (6J25 - 10^ cells) to rHuEPO at concentra- 
tions from 1.0 to 100 • 10"" mol/xnL Although 
enhancement was also elicited by guanidinated rHuEPO, 
its poteni^ was 2- to .3-fold th^ of nadve rHuEPO. In 
addition, there was a significant difference in the slope 
of the dos&-response curves between giiaTridinated and 
native rHuEPO. Bone marrow cdls showed higher 
senativity to guanidinated rHuEPO than to native 
rHuEPO. On the other hand, the gnanidinated deriva- 




rMiEPB Ciir'molAiO 
Fig. 2. Dose*response curve of guanidinated and native rHuEPO. 
6.25*10^ bone maiTow cells were incubated with rHu£FO 
guanidinated witb GDMP (•), containing all eight lysine residues 
modified, or oativc rHuEPO (O). After 24 h culture, ^FoHncorpora- 
tion into the cells was measured. Each point is the iDeaD±S.E. fbr 

three determinations. 
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TABLE U 

Amount of siafyiaied olJgosacckarides obtained from guanidiruaed and 
native rHuEPO 

The amount of sialylated digosaccfaarides was analyzed by paper 
electrophoresis ai described to Materials and &fethods. K, neutral; 
Ax, mono-ssalylated; Aj, di-stalylated; A3, tri-aalylatcd; A4, tctra- 
cUlylated; ajid A«„, A^ + A, +A, + A4. 





Fraction 












N 


Ai 


A, 


A, 


A4 


A|oUl 


Native rHuEPO 


1.96 


13.3 


lOJ 


31,1 


43.4 


98.0 


Gaanidbiated rHuEPO * 




17.3 


12.9 


328 


30.1 


93.0 


Ouanidinated rHuEPO 


1.86 


14.4 


8.72 


31.3 


43.7 


98.1 



* Ooanidinated with 9-mechyUisoufea. 
^ Ouanidiiiated with GDMP. 



tive showed only half the biological activity in vivo 
compared with native rHu£PO» as shown in Table I. 
This discrepant in the In vitro and in vivo activities 
might have occurred because the conditions used in this 
assay were most suitable for the zoeasuranent of in vivo 
biological acdvity of both rHuEPO and human urinary 
EPO [29], but were not optimized for these derivatives. 
These derivatives may have diiferent in vivo properties 
such as dose-response curves and- speed of effect from 
native rHuEPO. 

It is well-known that the bligosaocharide e>tfti«c of 
HuEFO are important for Inological .activity in vivo 
[30-33]. When terminal oligosaocfaaride gfifl^n? of 
HuEPO axe modified, the activity of HuEPO is abolished 
completdy in vivo, but enhanced by 2- or 3-fold in vitro 
[31]. To check whether guanidination affects the termi- 
nal sialic adds of rHuEPO, N-hnked oligosacchazide 
chains of guanidinated rHuEPO were removed by hy- 
. diamolysis'aH.GO^C^ori^ iirand^eir-char^ 




0 2~ 

bntaibi tiDs (brt; 

Fig. 3. Digestion of guanidinated and naUve rHuEPO by proteinase. 
rHuEPO guanidinated with GDMP (•) and native rHuEPO (o) were 
incubated with plasmin at 37^C and aIi<iuots were removed at 
indicated times and analyzed for intact molecule content The content 
of intact molecules is measured by dcnsicometry on the gel as com- 
pared to the undigested control and given as a % of the controL Each 
point IS the mean± S.E. for three detenninatiooa. 



bution was analyzed by paper electrophoresis as 
described previously [27]. As shown in Table 11, N-lin- 
ked oligosaccharide chains of rHuEPO were separated 
into five fractions (N, A1-A4). The percentage of nca- 
tra] sugar chains (N), as wdl as the ratio among acidic 
chains (A1-A4), was essentially the same between 
guanidinated and native rHuEPO. This result clearly 
indicated that guanidination did not alter the charge 
distribution of the sugar chains of rHuEPO. Therefore, 
the discrepancy in the in vivo and in vitro activities is 
not due to the removal of the tenninal sialic adds of 
rHuEPO during guanidination. 

To investigate the possibility that guanidinated 
rHuEPO was more susceptible than native rHuEPO^ in 
vivo, to plasma proteinases such as plasmin, guanidina- 
ted rHuEPO was digested with plasmin imder the con- 
dztions described in Materials and Methods. Fig. 3, 
however, shows that guanidinated rHuEPO was more 
resistant to plasmin than native rHuEPO. Guanidinated 
rHuEPO was also resistant to other proteinases, such as 
p^sin (data no shown). 

Discnsslon 

In the present study we showed that the activity of 
rHuEPO was sensitive to chemical mnrfififtafi'/^niy of the 
lysine^ aiginine and Qxosine residues, as well as carbox- 
yl groups. Among thpse, modification of the fysine 
residues with various lysine specific reagents resulted in 
a wide range of changes in the activity of modified 
rHuEPO. Modifications that changed the positive 
charges of the lysine residues to neutral or negative 
charges, such as carbamylation, trinitrophenylatioii, 
acetylation or suodnylatxon, caused a substantial loss in 
the vitro activity, whereas amidination which left the 
total number of positive charges of lysine imr^hang^ 
idid'^hotneffect^c-aaivi^^^ 

charges of the lysme residues are essential for the activ- 
ity of rHuEPO in vitro. A most noteworthy finding in 
this study is the marked increase in the activity of 
guanidinated rHuEPO in vitro. The dose-response curve 
of guanidinated rHuEPO (Kg. 2) shows the possibility 
that there is.&^jiffiEagnceji^^ i^"j!Y to the receptor 
between guaioidinated and liativB' rHuEPO. A major 
difference between guanidinated and native rHtiEPO is 
the size of the side chain at the lysine residue, suggest- 
ing that the larger side chain of the lysine residue is 
favorable for approach to its receptor. However, this is 
unlikely because amidinated rHuEPO, which has the I 
same number of positive charges and almost the same i 
size of side chains at the lysine residue as guanidinated 
rHuEPO, showed essentially the same activity as native 
rHuEPO. Therefore, it seems probable that the 
guanidino groups, together with thdr positive charges, 
play an important role in the interaction between the 
receptors and rHuEPO. 
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Abstract 

Autonomic neuropathy is a significant diabetic complication resulting in increased morbidity and mortality. Studies of autopsied diabetic patients 
and several rodent models demonstrate that the neuropathologic halhnark of diabetic sympaJhetic autonomic neuropalhy in prevertebral ganglia is the 
occurrence of synaptic pathology resulting in distinctive dystrophic neurites (**neuritic dystrophy**). Our prior studies show that neuritic extrophy is 
reversed by exogenous IGF-I administration without altering tiie metabolic severity of diabetes, i.e. functioning as a neurotrophic substance. The 
description of erythropoietin (EPO) synergy with IGF-I function and the recent discovery of EPO's multifaccted neuroprotective role suggested it 
might substitute for IGF-I in treatment of diabetic autonomic neuropathy. Our current studies demonstrate EPO receptor (EPO-R) mRNA in a cDNA 
set prepared from NGF-maintained rat sympathetic neuron cultures which decreased with NGF deprivation, a resuh which demonstrates clearly that 
sympathetic neurons express EPO-R, a result confirmed by immunohistochemistry. Treatment of STZ-diabetic NOD-SCID mice have demonstrated 
a dramatic preventative effect of EPO and carbamylated EPO (CEPO, which is neuroprotective but not hematopoietic) on the development of neuritic 
dystrophy. Neither EPO nor CEPO had a demonstrable effect on the metabolic severity of diabetes. Our results coupled with reported salutaiy effects 
of EPO on postural hypotension in a few clinical studies of EPO-treated anemic diabetic and non-diabetic patients may reflect a primary neurotrophic 
effect of on the sympathetic autonomic nervous system, rather than a primaiy hematopoietic effect These findings may represent a major 
clinical advance since EPO has been widely and safely used in anemic patients due to a variety of clinical conditions. 
O 2007 Elsevier Inc. All rights reserved. 

Keywords: Diabetes; Autonomic neuropathy; Sympathetic; Neuropathology; Ganglia; Neuroaxonal dystropby; Synapse 



Introductioii 

Autonomic neuropathy is a significant clinical complication 
of diabetes which disturbs cardiovascular, alimentary and 
genitourinary function and results in increased patient morbidity 
and mortality (Ewing et al., 1 980; Hosking et al., 1 978; Rimdles, 
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1945; Sampson et al., 1990; Vinik et al., 2003). Several series of 
autopsied diabetic patients (Duchen et al, 1980; Schmidt et al., 
1993; Schmidt and Plurad, 1986) have established the 
reproducible development of markedly enlarged dystrophic 
axons and nerve terminals in diabetic prevertebral superior 
mesenteric (SMG) and celiac sympathetic ganglia (CG) in the 
absence of substantial loss of principal sympathetic neurons, a 
pattern similar to sympathetic ganglionic pathology which 
develops in aged patients (Schmidt et al, 1993). 

The regular occurrence of degenerating, regenerating, and 
pa&ologically distinctive dystrophic axons and, to a lesser 
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degree abnormal dendrites, in the absence of neuron loss has 
also been demonstrated in prevertebral sympathetic ganglia of 
streptozotocin (STZ)- and genetically-diabetic rodents, closely 
corresponding to human disease [reviewed in (Schmidt, 
2002)]. Our previous studies have shown the striking 
improvement in the severity of diabetic autonomic neuropathy 
in rats treated with exogenous rhIGF-I in the absence of an 
effect on the severity of hyperglycemia (Schmidt et al., 1999), 
a result thought to reflect a neurotrophic role for IGF-I. The 
demonstration of endogenous IGF-I deficiency in the serum 
and sympathetic ganglia of diabetic rats (Schmidt et al., 
unpublished data), the known function of IGF-I as a sym- 
pathetic neurotrophic substance in vitro (Recio-Pinto et al., 
1986) and differences in the development of sympathetic 
ganglionic dystrophy in types I and II diabetic rat and mouse 
models, i.e. animals deficient in or with increased levels of 
circulating IGF-I, respectively (Schmidt et al., 2004) suggest 
that loss of a neurotrophic effect of IGF-I might imderlie the 
development of diabetic autonomic neuropathy. 

Although the administration of IGF-I in a variety of himian 
diseases has been accomplished, there has been concern that 
IGF-I may promote the development or progression of malig- 
nancies (Claric, 2004). As a result, substances with IGF-I like 
effects lacking its side effects have been sought Interestingly, it 
has been noted that within the nervous system astrocytes res- 
pond to IGF-I by synthesizing EPO (Masuda et al., 1997). 
Further, a synergy has been observed between EPO and IGF-I 
(Digicaylioglu et al., 2004). These observations raised the 
question of whether EPO ought substitute for IGF-I in treatment 
of diabetic neuropathy. 

It is known that EPO receptors are located on peripheral 
dorsal root ganglia neurons, axons and Schwann cells and 
activate the PDK/Akt signaling pathway, using receptors and 
early pathway intermediates distinct fiom IGF-I. Although EPO 
does not directly activate IGF-I or insulin receptors, EPO 
receptor activation results in stimulation of the PI-3Kinase/Akt 
signaling pathway which it shares wi& IGF-I and insulin sig- 
naling pathways. 

Initially discovered as a mediator of erythropoiesis, for some 
time EPO has been recognized to have salutary effects on a 
variety of animal models of neurodegenerative processes in- 
cluding ischemic brain damage (Zhang et al., 2006), experi- 
mental allergic encephalomyelitis (Savino et al., 2006) and 
amyotrophic lateral sclerosis (Koh et al., 2007). Similarly, EPO 
is protective of peripheral nervous system insults (Hoke, 2006) 
including acrylamide and cisplatin toxic neuropathies (Bianchi 
et al., 2007; Keswani et al., 2004a; Melli et al., 2006). HTV 
sensory neuropathy (Keswani et al., 2004b) and, significantly, 
experimental diabetic somatic neuropathy (Bianchi et al., 2004; 
Tarn et al., 2006). Therefore, to identify a possible role of EPO in 
the treatment of diabetic autonomic neuropathy, in this study we 
have demonstrated the presence of sympathetic neuronal EPO 
receptors (EPO-R) and examined the effect of exogenous ad- 
ministration of rhEPO on the frequency of neuritic dystrophy in 
our experimental mouse model of diabetic sympadietic auto- 
nomic neuropathy. Since EPO treatment of patients without 
anemia may possibly produce side effects of crythrocytosis or 



effect tumor growth, we have also examined the effect of the 
carbamylated derivative of EPO (CEPO) which has been shown 
to possess tissue protective activities but no eiydiropoietic 
potency (Leist et al, 2004; Montero et al., 2007; Savino et al., 
2006). 

Materials and methods 

Animab 

Male Non-Obese Diabetic-Severe Combined Inunune Defi- 
cient (NOD-SCID) mice were purchased from the Jackson 
Laboratory (Bar Harbor, ME) and were kept in pathogen-fr^ee 
conditions at Washington University. NOD-SCID mice are the 
result of breeding of the SCID mutation to the NOD backgroimd 
for many generations, such that the NOD-SCID mouse is gene- 
tically identical to the NOD mouse save for the absence of DNA- 
dependent protein kinase, a DNA repair enzyme (Blunt et al., 
1996) resulting in loss of B and T cell function. Our previous 
studies (Schmidt et al., 2003) showed diat NOD-SCID mice 
treated with streptozotocin rapidly become severely diabetic and 
develop dramatic autonomic neuropathy within 3-5 weeks. All 
animals were housed and cared for in accordance with the 
guidelines of the Washington University Committee for the 
Humane Care of Laboratory Animals and with National Insti- 
tutes of Health guidelines on laboratory animal welfare. All mice 
were allowed standard mouse chow and water ad libitum and 
maintained on a 12/12 h light/darie cycle. A few male 4-month- 
old Sprague-Dawley (Charles River Laboratories, Wilmington, 
Massachusetts) were also used in this study. Rats were fed Purina 
rodent chow ad libitum and were housed in small groups with a 
0700-1900 light cycle. 

Induction of diabetes and treatment protocol 

Mice were made diabetic by i.p. injection of freshly made 
streptozotocin (STZ [Sigma, St Louis, MO], 50 mg/kg in 
citrate-saline buffer, pH 4.5) on four consecutive days under 
ketamine/xylazine anesthesia. Control animals received a 
comparable volume of citrate-saline buffer. The day following 
the last injection of STZ mice were bled and significantly 
hyperglycemic am'mals (plasma glucose >250 mg%) were 
considered diabetic. The effect of treatment with EPO and CEPO 
was examined in two separate experiments. Treatment with 
recombinant human erythropoietin (rhEPO, Dragon Pharma- 
ceuticals, Vancouver, Canada) or carbamylated EPO (rhC^O, 
Warren Pharmaceuticals) at a dose of 1 0 fig/kg (i.e. equivalent to 
^ 1000 lU/kg of EPO) in saline x 3 injections/week for 4 weeks 
was begun die day after the last STZ injection. Control and 
diabetic animals not receiving EPO or CEPO received injections 
of saline. 

Tissue preparation 

After 4 weeks of treatment animals were anesthetized with 
ketamine/xylazine and perfused with 50 ml of heparinized 
saline followed by 100-200 ml of 3% glutaraldehyde in 0.1 M 
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phosphate buffer, pH 7.3, containing 0.45 mM Ca+2. Hie 
superior mesenteric-celiac ganglia (SMG-CG) were dissected 
as a single block, cleaned of extraneous tissue while 
maintaining the superior mesenteric artery with the ganglionic 
block, and fixation continued overnight at 4 X in the same 
buffer. Tissue samples were postfixed in phosphate4>uffered 
2% OSO4, dehydrated in graded concentrations of ethanol and 
embedded in EMbed-812 (Electron Microscopy Sciences, 
Hatfield, PA) widi propylene oxide as an intermediary solvent 
One-micron-thick plastic sections were examined by light 
microscopy after staining with toluidine blue. Ultrathin sections 
of individual SMG-CG were cut onto formvar coated slot 
grids, which permits visualization of entire ganglionic cross 
sections. Tissues were subsequently stained with uranyl acetate 
and lead citrate and examined widi a JEOL 1200 electron 
microscope. 

Quantitative histologic methods 

Dystrophic elements are typically intimately related to neu- 
ronal perikarya and, therefore, we routinely express their fi^- 
quency as the ratio of numbers of lesions to nucleated neuronal 
cell bodies. This method, used in our previous studies (Schmidt 
et al., 2003), substantively reduced the variance in assessments 
of intraganglionic lesion fi-equency. In addition, its simplicity 
permits the quantitative ultrastructural examination of relatively 
large numbers of ganglia. In our current animal studies an entire 
cross section of the SMG-CG was scanned at 12,000>< mag* 
nification and the number of dystrophic neurites and synapses 
was determined by an investigator blinded to the identity of 
individual animals. Dystrophic neurites consist of swoUra 
axons, syn^es, dendritic spines or dendrites containing a 
variety of organelles including tubulovesicular aggregates, ad- 
mixed normal and degenerating subcellular organelles, multi- 
vesicular and dense bodies, neurofilaments, and pure aggregates 
of minute mitochondria. The number of nucleated neurons 
(range: 50-200 neurons examined in each ganglionic cross 
section) was then determined by recoimting at 6000x magni- 
fication. The fiequency of ganglionic neuritic dystrophy was 
expressed as the ratio of number of dystrophic neurites to the 
number of nucleated neurons in the same cross section. 

PCR demonstration ofEPO-R in sympathetic ganglionic neuron 
cultures in vitro 

Primaiy rat sympathetic ganglia cultures (25,000 neurons/ 
dish) were maintained in the presence of NGF for 6 d and then 
deprived of NGF for 24 h as described previously (Estus et al., 
1994). Total RNA was extracted fiiom NGF maintained and 
NGF-deprived cultured neurons using TRI reagent (Molecular 
Research Center) following the manufacturer's instructions. 
Two hundred nanograms of total RNA were reverse transcribed 
and amplified using Titan One Step RT-PCR kit (Roche). The 
primer sequences for amplification of eiythropoietin receptor 
were 5'-CTATGG CTG TTG CAA CGC GA-3' (forward) and 
5'-CCG AGG GCA CAG GAG CTT AG-3' (reverse). RT 
reactions were performed at 55 ®C for 45 min. PCR conditions 



were denaturing at 94 for 3 min followed by 30 cycles of 
denaturing at 94 **C for 30 s, annealing at 56 ®C for 45 s and 
extension at 68 °C for 1 min, and ended by 7 min extension at 
68 °C. The PCR products were analyzed by 1.5% agarose gel 
electrophoresis. 

Immunohistochemistry 

Rats were fixai by perfusion with fieshly made 4% buffered 
paraformaldehyde at 0-4 ^'C and processed routinely for paraf- 
fin embedding. Paraffin embedded sections 5-8 |im thick were 
deparaffinized in xylene and rehydrated in a series of ethanol 
dilutions. Sections were preincubated for 20 min at room tem- 
perature in phosphate-buffered saline containing 2% BSA 
and 0.3% Triton X-100. Rabbit anti-EPO receptor antibody 
(1:100-1:200, Santa Cruz, sc-697) was next added and the 
slides incubated overnight at 4 °C, washed and a secondary 
biotinylated goat anti-rabbit IgG (1:500) was applied, washed 
and, in some experiments, followed by tyramide signal ampli- 
fication using successive incubation with streptavidin HRP 
and cyanine-3 tyramide (Perkin-Elmer Life Science Products, 
Boston, MA). 

Statistical analysis 

AH results are expressed as means+S.E.M. Analysis of 
variance (ANO VA) was performed using the S AS general linear 
models procedure. 

Results 

EPO receptors are present on rat sympathetic neurons 

To determine if EPO receptors are expressed on sympathetic 
neurons, we asked if the EPO receptor niRNA was e>q)ressed in 
syn^athetic cultures enriched in neurons. A previously exten- 
sively examined and validated set of cDNAs fix>m NGF- 
maintained (lane 1, Fig. 1) and NGF-deprived rat sympathetic 
neurons (lane 2, Fig. 1) were examined by semi-quantitative 
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Fig. 1 . Effect of NGF-<lqjrivatioii on EPO-R in rat sympathetic ganglionic neurons 
in vitro. A validated set of cDNAs prepared from NGF-maintained (lane 1 ) and 24 h 
NGF-deprived rat sympathetic neurons (lane 2) were examined by semi- 
quantimtive RT-PCR using a 402 bp product corresponding to the EPO reccpt(n'. 
Consistent widi a neuronal localization, 24 h of NGF-deprivation in culture, which 
kills most of the neurons but not non-neuroiiai cells, greatly reduced die amount of 
EPO receptor in the cultures. 
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RT-PCR using a 402 bp product corresponding to EPO receptor. 
Consistent with a neuronal localization, 24 h of NGF-dep- 
rivadon in culture, which kills most of the neurons but not non- 
neuronal cells, greatly reduced die amount of receptor in the 
cultures (lane 2, Fig. 1). 

Immunolocalization of EPO receptors was performed on the 
sympaflietlc ganglia of control and diabetic rats. We found 
strong perikaryal staining in control rat SCG (Fig. 2A) and celiac 
ganglia (Fig. 2B) and those of diabetic rats (data not shown), 
confirming our results using cultured sympathetic neurons. 

Metabolic and hematologic parameters in STZ-treated 
NODSCID mice 

NOD-SCID mice became diabetic (blood glucose readings 
of > 250 mg%) within a few days of induction of diabetes (data 
not shown) and were markedly hyperglycemic and weighed less 
at the time of sacrifice (Tables 1 and 2). Treatment with EPO 
(Table 1 ) or CEPO (Table 2) did not significantly affect the body 
weight or degree of hyperglycemia in diabetic mice. Age- 
matched saline, EPO- or CEPO-treated control NOD-SCID 
mice were consistently normoglycemic. 

The hematocrit of diabetic animals was mildly increased 
compared to controls in both experiments which may reflect a 
mild degree of dehydration on the day of sacrifice. EPO 
increased the hematocrit of treated controls compared to saline- 
treated controls but had little effect on diabetic mice (Table I). 
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Fig. 2. Inummolocalizadon of EPO-recq)tor to sympathetic neurons. EPO-R is 
present in sympathetic neuronal cell bodies (anxxws) in rat SCO (A) and celiac 
(B) sympathetic ganglia (original magnification 400x). 



Table 1 



Efifects of EPO on diabetic NOD-SCn> mice 



Rx 


n 


SMG-CG 


Glucose 


Weight 


Heoutocnt 






ncuritic dystrophy 


(m£%) 


(g) 


e/o) 






(^lesions/#neurons) 








DM+EPO 


8 


0.30±0.07* 


>600 


25.1*0.8 


64*1.8 


DM+SALINE 


7 


0.97±0.14 


>600 


23.9±1.0 


61 ±0.4 


C+EPO 


4 


0.06±0.04*(3) 


]00±5 


27±I2' 


72±3.8*" 


C+SALINE 


5 


020*0.03^3) 


125±5 


29,4±1.2* 


55±1.1* 



C= control, DM diabetic, Values=mean+S£.M. of n mice. 

0.001, #-p3S0.01 vs. saline-treated diabetic; ^=p^0.01 vs. saline- 
treated control 



As expected, CEPO feiled to have a hematologic effect on 
controls or diabetics (Table 2). 

Neuropathology ofSMG-CG 

Examination of 1-^m-thick plastic sections of SMG-CG in 
4 week saline-treated diabetics in both experiments showed a 
well preserved complement of principal sympathetic neurons 
(Fig. 3) sunx)unded by neuropil composed of an admixture of 
axons and dendritic elements. There was no evidence of active 
neuronal degeneration (specifically, no ^ptosis), nodules of 
Nageotte (tombstones of prior neuron loss) or chromatolysis. 
None of the diabetic ganglia contained an inflammatory infiltrate 
or an association of individual lymphocytes or macrophages 
with neuronal perikarya. 

Large swollen neurites were prominent in light microscopic 
examination of 1-jim-thick toluidine-blue stained plastic 
sections (arrows, Figs. 3 A, B) of the SMG--CG of NOD-SCID 
mice di£d>etic for 4 weeks in comparison to saline-treated 
controls (Fig. 3C) and EPO-treated diabetics (Fig. 3D) or CEPO- 
treated diabetics (not shown), although dystrophic neurites were 
found in all groups of treated and untreated diabetics and 
controls, differing only in number (Tables 1 and 2). Dystrophic 
neurites were typically located immediately adjacent to neuronal 
cell bodies within their satellite cell sheaths (Figs. 3 A, B), which 
resulted in the displacement and distortion of perikaryal contours 
of targeted neurons, as well as within the ganglionic neuropil. 
Dystrophic neurites ranged from swollen processes with pale 
cytoplasm (arrows. Fig. 3A) to those staining strongly with 
toluidine blue (arrows. Fig. 3B) and corresponding ultrastmc- 
turally to collections of mitochondria. 

Table 2 



Effects of CEPO on diabetic NOD-SCID mice 



Rx 


n 


SMG-CG neuritic 


Glucose 


Weight 


Hematocnt 






dystrophy 


(mg%) 


Cs) 


(%) 






(#lesions^euzon8) 








DM+CEPO 


11 


0,34±0.09* 


563±I4 


22.1±0.2 


50.6±1.8® 


DM+SALINE 


6 


1.09i:0.08 


526:^26 


24.4±0.7 


48.0±1.0(5) 


C+CEPO 


3 


0.27±0.07* 


115±5 


28.7±0.7* 


43.6i:0.3 


C+SALINE 


7 


0.26±0.05* 


128±5 


29.9±0.6* 


44.0±1.4 



C=control, DM^diabctic, Vahies«mean+S.E.M. of n mice. 
*^p^0.00\, U=pSO.O\, vs. saline-treated diabetic; @«p20.0S vs. saline- 
treated control. 
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Fig. 3. Light microscopic sqypearance of l-jim-thick toluidine blue stained plastic sections of the SMG-CG of 4 week diabetic NOI>SCID mouse (A, B) in compaiison to 
saline-treated controls (C) and EFO-tieated diabetics (D). Dystrophic neurites» which range from swollen processes with pale cytoplasm (arrows. A) to those staining strongly 
with tohiidine bhie (airows, B)» distort the contours of otherwise nomial appearing neuronal perikarya in NOD-SCID diabetic mice (original magnification: A-^) — 300x). 
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Ultrastnictural examination conflnned the light microscopic 
appearance, demonstrating that swollen dystrophic elements 
were numerous in SMG-CG of saline-treated diabetic NOD- 
SCBD mice and less frequent in EPO- or CEPO-treated diabetics 
and treated and untreated non-diabetic age-matched controls. 
Dystrophic elements exhibited a . variety of ultrastructural 
patterns based on differences in their content of subcellular 
organelles (Fig. 4), as we have previously described (Schmidt et 
ah, 2003). The most typical appearance (Figs. 4A, B) consisted 
of neuritic swellings containing large numbers of mitochondria 
which were tighdy aggregated, usually without a significant 
amount of intervening axoplasm, and were significantly smaller 
than mitochondria within adjacent neuronal perikaiya (Fig. 4C). 
Less frequently, neurites contained mixed collections of 
organelles (mitochondria, autophagosomes, neurofilaments 
and multivesicular bodies, Fig. 4D). Others were composed of 
numerous tubulovesicular elements ranging from small numb- 
ers within a pale unstructured cytoplasm (arrow, Fig. 4E) to 
compact aggregates (arrow, Fig. 4F). Occasional elements were 
identified as dendrites by their content of ribosomes, lipopig- 
ment or as postsynaptic elements (arrows. Figs. 4G, H). 
Dystrophic neurites were typically completely enclosed withm 
the cytoplasm of Schwann or satellite cells and were often 
separated from adjacent perikarya by interposed satellite cell 
processes. In many cases it was difficult to confidently identify 
dystrophic elements as either axons or dendrites and, thus, we 
have refened to dystrophic processes simply as involving 
neuritic elements and the process as neuritic dystrophy. Neuritic 
dystrophy in the current experiments is comparable to that we 
have previously described in spontaneously diabetic NOD 
mice, STZ-treated NOD-SCID mice and various STZ-treated 
mouse strains (Schmidt et al., 2003). 

Since dystrophic neurites were present in all groups of mice, 
differing only in numbers, it was necessaiy to app^ an ultra- 
stnictural quantitative method to accurately con^aie their relative 
numbers. The numbers of dystrophic neurites were counted and 
expressed as a ratio (numbers of dystrophic elements/numbers 
of nticleated neurons). This analysis established that dystrophic 
neurites were increased 4-5-fold in 4 week diabetic NOD mouse 
SMG-CG compared to age-matched non-diabetic siblings 
(Table 1). The frequency of neuritic dystrophy in EPO (Table I) 
and CEPO (Table 2) treated diabetic mice was not significantly 
dif^ent horn saline-treated controls. 

Discussion 

The results of the cunent studies demonstrate a clear effect of 
EPO and CEPO given in a preventative paradigm on the deve- 



lopment of experimental murine diabetic autonomic neuropathy. 
Our studies are consistent with recent studies which have shown 
that EPO produces a sahitary effect on altered mechanical and 
theraial nociception, biochemistiy and electrophysiology in 
diabetic rat somatic nerves (Bianchi et al., 2004; Roesler et al., 

2004) . Similarly, CEPO has demonstrated neuroprotective 
physiologic and structural efifects in diabetic sensory neuropathy 
(Bianchi et al., 2004; Leist et al., 2004). EPO has been proposed 
to be synergistic with IGF-I in die activation of the PI3K/Alct 
pathway, which is diminished in somatic and vagus nerves of 
rats with STZ-diabetes (Cai and Helke, 2003; Huang et al., 

2005) . Interestingly, at least within the brain, IGF-I directly 
stimulates EPO production (Masuda et al,, 1997) so that EPO/ 
IGF-1 synergy may exist physiologically in die nervous system. 
It is known tlmt EPO and IGF-I downstream signaling patiiways 
are also shared with insulin. Topical insulin application to dia- 
betic rat sciatic nerve has been shown to have salutary neuro- 
trophic effects on diabetic somatic neuropathy (Singhal et al., 
1 997) in the absence of improvement of systemic glucose levels. 
However, although treatment with msulin at doses resulting in 
partial blood glucose nomnalization do correct neuroaxonal 
dystrophy in STZ-rat diabetic mesenteric nerves (Schmidt and 
Plurad, 1983), subglycemic systemic doses of insulin used to 
mimic the transient hypoglycemic effect of IGF-I injection do 
not (Schmidt et al., 1999). 

Neuroprotection by EPO is mediated through a heterorecep- 
tor con^lex comprising both the EPO receptor and a common 
receptor subunit, also known as CD131 (Brines et al., 2004; 
reviewed by Brines and Cerami, 2005). Activation of EPO 
receptors on neurons and Schwann cells triggers neuroprotective 
pathways involving the PI3K/Akt cascade (Sir^n et al., 2001; 
Lipton, 2004) and protects from excitotoxic, apoptotic and 
oxidative stress (Brines et al, 2000). In response to experimental 
axonal injury, nitric oxide is thought to stimulate periaxonal 
Schwann cells to release EPO which binds to neuronal EPO 
receptors and prevents axonal degeneration (Keswani et al., 
2004a). Our experiments clearly establish diat prevertebral 
sympathetic neurons also contain EPO-receptors and prelimi- 
nary studies (Schmidt et al., unpublished results) show an EPO 
dose-dependent mcrease in phosphoAkt/total Akt ratio of 
sympathetic neurons in culture. A peptide sequence in EPO 
has been shown to induce differentiation and prevent cell death 
in neuroblastoma cell lines in the absence of an effect on 
erythropoietic cell lines or mouse primary spleen cells (Campana 
etal, 1998). 

EPO has been used in the treatment of chemother^y- 
associated and other refiactoiy anemias. Anemia in diabetes 
(reviewed in McGill and Bell, 2006) may be multi&ctorial but is 



Fig. 4. Ultrastnictural appearance of neuritic dystrophy in NOD-SCID mouse SMG-CO. (A-C) Maricedly enlarged neurites containing neariy pure collections of 
mitochondria represent the major category of neuritic dystrophy. The accumulated mitochondria in neuritic processes (arrows, C) are typically smaller than those of 
adjacent perikarya (arrowhead, C) (saline-treated diabetic, original magnification: A, B — ^3000x; C — 25,000x). (D) Dystrophic neurites may also contain a variety of 
actoixed oiganelles inchiding mitochondria, tubulovesicular elements, dense bodies and neurofilaments (saline^reated control, original magnification: D-~2S,000x). 
(E, F) A oommon ultrastructural appearance of dystrophic neurites consists of dilatations containing tubulovesicular elements which may be delicate or coarse. The 
contours of the sympathetic neuron cell body adjacent to the large dystrophic element (E) are distorted but the neuron appears otherwise nomial (saline-treated diabetic, 
original magnification: E— 4000x; F— 1 5,000x). (G, H) Synaptic specializations (arrow, G), seen at higher magnification (H), are occasionaUy found npon dystrophic 
neurites (saline-treated diabetic, original magnification: G — 20,000x; H — 60,000x). 
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paiticulaily common in diabetic patients with kidney disease 
even before the demonstrable loss of glomerular filtration 
capacity (Craig et al., 2005; McGill and Bell, 2006). One 
potential cause of anemia in diabetes is EPO deficiency or 
ineffectiveness (Bosman et al., 2001, 2002). A number of 
investigators have described the association of autonomic 
neuropathy in diabetic patients with anemia (Cotroneo et al., 
2000; McGill and Bell, 2006; Ricerca et al, 1999; Saito et al., 
2007; Spallone et al., 2004; Winkler et al., 1999). Since 
denervation of the kidney or use of beta adrenergic blocking 
agents are known to decrease kidney EPO production in ex- 
perimental animals (Beynon, 1977; Fink and Fisher, 1976, it has 
been thought that loss of autonomic iimervation of the kidney 
secondarily resulted in decreased EPO production. Serum EPO 
levels are decreased in type 1 diabetic patients with postural 
hypotension in comparison to age- and duration-matched type 1 
diabetics fiee of complications as well as non-anemic, non- 
diabetic controls and patients witii iron deficiency anemia 
(Winkler et al., 1999). A blunted EPO response to severe anemia 
has also been described as a result of autonomic neuropathy in 
studies of patients with both types 1 and 2 diabetes (Cotroneo 
et al., 2000; Ricerca et al, 1999; Saito et al., 2007; Spallone et 
al., 2004). 

An efifect of exogenous EPO on clinical autonomic neuro- 
pathy has been observed (Hoeldtke and Streeten, 1993). In 
one study, 6-10 weeks of EPO treatment of 8 patients with 
symptomatic ortiiostatic hypotension, anemia and decreased red 
cell mass in the clinical settings of type 1 diabetes, primary 
autonomic &iliue or sympathotonic orthostatic hypotension 
was reported to improve both postural hypotension and anemia 
(Hoeldtke and Streeten, 1993). Similarly, a 7-month trial of 
EPO in the treatment of postural hypotension in anemic type 1 
diabetic patients also showed unprovement in both anemia and 
postural hypotension (Winkler et al, 2001). Salutary effects of 
EPO on postural hypotension and anemia have also been 
described in patients with familial amyloidotic polyneuropathy 
(Ando et al, 1996), primary autonomic failure (Biaggioni et al., 
1994; Perera et al. 1995) and multiple system atrophy with 
sympathetic failure (Winkler et al, 2002). 

The mechanism of EPO*s salutary effect on autonomic 
neuropathy is unknown and may be multifactorial Although 
initially the effect of EPO was thought to reflect an increase in 
red cell mass or direct effects on the vasculature in the absence 
of hypervolemia (Hoeldtke and Streeten, 1993), it is not clear 
tiiat uncomplicated anemia produces or&ostatic hypotension. 
Indeed, one report describes improvement of severe orthostatic 
hypotension in the absence of improved anemia (Kawakami 
et al, 2003). Increased levels of serum norepinephrine, binding 
of nitric oxide to an increased hemoglobin concentration with 
resultant loss of NO-induced vasodilatation, change in viscosity 
of blood, increased vascular sensitivity to angiotensin II or other 
direct effects on smooth muscle cells have been proposed to 
explain EPO-induced improvement in postural hypotension 
(Rao and Stamler, 2002; Winkler et al., 2001). However, based 
on the results reported in our current investigation and these 
clinical studies, it is possible that the reported clinical effects of 
EPO on red cell mass and autonomic dysfunction may reflect 



separate erythropoietic and neurotrophic effects. In future 
experiments, it will be possible to separate an effect of increased 
red cell mass fix>m a neurotrophic effect in patients with auto- 
nomic neuropathy uncomplicated by anemia by treatment with 
CEPO or another non-crythropoietic EPO derivative. 

Although experience with EPO is extensive with apparent 
safety (Sowade et al, 1998), there are reported side effects of 
EPO administration including accelerated hypertension and risk 
of thrombosis (Drueke et al, 2006; Rao and Stamler, 2002; 
Singh et al, 2006; Spivak, 2001). Recently, caution in the use of 
EPO has been proposed in light of the suggestion that it may 
exert a possible efifect on tumor growth, particularly at higher 
doses (Crawford, 2007; Henke et al, 2006; Steensma and 
Loprinzi, 2005), prompting the FDA to issue a warning for the 
use of erythropoiesis stimulating agents in oncology patients. 
Additionally, the prothrombotic effects of EPO in the setting of 
injury are well known. A recent study has demonstrated 
neuroprotection from cisplatin-induced periph^ neuropathy 
in the absence of an effect on tumor growth (Bianchi et al, 
2007). Although these issues are currently uiwesolved, it may 
prove that agents such as carbamylated EPO may well provide 
the salutary effects of EPO without triggering adverse effects 
such as padiological thrombosis or promoting growth of tumors. 
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Reduced functional deficits, neuroinflammation, 
and secondary tissue damage after treatment of 
strolce by nonerythropoietic erythropoietin 
derivatives 

Pia Villa^'^ *, Johan van Beek^ *, Anna Kirstine Larsen^, Jens Gerv^den^, S0ren Christensen^, 
Anthony Cerami*, Michael Brines*. Marcel Leist''^, Pietro Ghezzi^ and Lars Tonip^ 
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Carbamylerythropoietin (CEPO) does not bind to the classical erythropoietin (EPO) receptor. 
Nevertheless, similarly to EPO, CEPO promotes neuroprotection on the histologic level in short-term 
stroke models. In the present study, we Investigated whether CEPO and other nonerythropoietic 
EPO analogs could enhance functional recovery and promote long-term histologic protection after 
experimental focal cerebral Ischemia. Rats were treated with the compounds after focal cerebral 
Ischemia. Animals survived 1, 7, or 60 days and underwent behavioral testing (sensorimotor and 
foot-fault tests). Brain sections were stained and analyzed for lba-1, myeloperoxidase, Tau-1, CD68 
(EDI), glial fibrillary acidic protein (GFAP), Fluoro-Jade B staining, and overall infarct volumes. 
Treatment with CEPO reduced perifocal microglia! activation (P<0.05), polymorphomonuclear cell 
infiltration (P<0.05), and white matter damage (P<0.01) at 1 day after occlusion. Carbamylery- 
thropoletln-treated rats showed better functional recovery relative to vehicle-treated animals 
as assessed 1, 7, 14, 28, and 50 days after stroke. Both GFAP and CD68 were decreased within 
the Ipsllateral thalamus of CEPO-treated animals 60 days postoperatively (P<0.01 and P<0.05, 
respectively). Furthermore, behavioral analysis showed efficacy of CEPO treatment even if 
administered 24 h after the stroke. Other nonerythropoietic derivatives such as carbamylated 
darbepoetin aifa and the mutant EPO-S100E were also found to protect against ischemic damage 
and to Improve postischemic neurologic function, in conclusion, these results show that 
postlschemic Intravenous treatment with nonerythropoietic EPO derivatives leads to improved 
functional recovery, which may be linked to their long-term effects against neuroinflammation and 
secondary tissue damage. 

Journal of Cerebrai Blood now & Metaboiism {2007) 21, 552-563. dol:10.1038/sj.jcbfm.9600370; published online 12 July 
2006 
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Introduction 

Recombinant human erythropoietin (EPO) has 
shown widespread efficacy in animal models of 
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stroke (Sakanaka et al, 1998; Brines et al, 2000; 
Calapai et aU 2000; Siren et al, 2001; Brines and 
Cerami, 2005). Despite its large size, recombinant 
human EPO administered peripherally crosses the 
blood-brain barrier to protect against brain injiuy 
(Brines et ai 2000). Erythropoietin may act against 
ischemic damage at multiple levels including 
attenuation of apoptosis (Siren et al, 2001; Villa 
et al, 2003), and reduction of brain inflammation 
(Villa et al, 2003). More recently, EPO treatment was 
shown to improve functional recovery, and enhance 
neurogenesis and angiogenesis after focal ischemia, 
suggesting a beneficial effect of EPO treatment 
on brain repair after stroke (Wang et al, 2004a). 
Translation of these research findings into thera- 
peutic application looks promising becaiise the use 
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of eiythropoietin in a small clinical trial in patients 
suffering from stroke improved neurologic scores 
and functionality (Ehrenreich et ah 2002). 

In clinical situations that are likely to require 
multiple doses of EPO, a major limitation of the 
compound is that it would trigger imwanted over- 
stimulation of the bone marrow, raise the hematocrit 
and induce a procoagulant state. For instance, a high 
hematocrit in transgenic mice overexpressing human 
EPO is associated with increased susceptibility 
to ischemic damage (Wiessner et al, 2001). To 
circumvent this side effect issue, various strategies 
to dissociate erythropoietic and tissue-protective 
activities of EPO have been developed. For instance, 
asialoerythropoietin, an EPO derivative with a 
very short half-life generated by enzymatic desialy- 
lation of EPO, is neuroprotective in models of 
focal ischemia (Erbayraktar et cd, 2003) and neo- 
naUd hypoxia-ischemia (Wang et al, 2004jb) without 
increasing the hematocrit More recently, we have 
described chemically modified forms of EPO such as 
carbamylerythropoietin (CEPO) or EPO mutants that 
do not bind to the classical EPO receptor (EPOR). 
These retain their tissue-protective properties with- 
out effects on the bone marrow and hematocrit (Leist 
et aU 2004). Carbamylerythropoietin treatment re- 
duced brain infarction after focal ischemia to the 
same degree as reported for EPO and with a broad 
therapeutic window (4 h) (Leist et ah 2004). 

In the present study, we further explored the 
effects of CEPO and other noner3rthropoietic deriva- 
tives of EPO on poststroke functional recovery, 
secondary tissue damage, and inflammation. 

Materials and methods 

Focal Ischemia Model 

AU experimental procedures ware perfbmied in accordance 
with the directives of the European Communities Council 
Directive #86/609 for care of laboratory animab and in 
agreement with national regulations on animal research in 
Italy and Denmark. Surgery was performed on male CrhCD 
(SD)BR rats weighing 250 to 285 g (Charles River, Calco. 
Italy). Focal ischemic stroke within the distribution of the 
middle cerebral artery (MCA) was produced as described 
previously (Brines et ah 2000). Briefly, the right common 
carotid artery (CCA) was occluded by two sutures and cut. 
A burr hole adjacent and rostral to the right orbit allowed 
visualization of the MCA, which was cauterized distal 
to the rhinal artery. Animals were then positioned on a 
stereotaxic frame and the contralateral CCA was occluded 
for Ih by using traction with a fine forceps. Body core 
temperature was thermostatically maintained at 37*^C by 
using a heating pad and a rectal thennistor (Letica, 
Barcelona, Spain) for the duration of the anesthesia. 

Reagents 

Carbamylerythopoletin was synthesized from rhEPO 
(Dragon Pharmaceuticals, Vancouver, Canada) as described 



earlier (Leist et ah 2004). Carbamylated darbepoetin a\f& 
(Caranesp) was synthesized from Aranesp (darbepoetin 
alfa; Amgen, Thousand Oaks, CA. USA) using the same 
protocol. Carbamylation of EPO and darbepoetin al& 
transformed all lysines to homocitniUine resulting in 
products lacking bioactivity in the in vitro UT7 hemato- 
poiesis assay and failing to bind to EPOR on these cells. 
Generation of mutant EPO-SlOOE was described pre- 
viously (Leist et ah 2004). 

Drug Treatments 

The drug doses (CEPO, 50/ig/kg; Caranesp, 50;ig/l^; EPO- 
5100E, 50 /ig/kg) wero all equivalent with respect to the 
mass relation to approximately 5,000 lU/kg of EPO. Doses 
of nonerythropoietic derivatives were chosen based on the 
observation that equivalent doses of EPO and none> 
rythropoietic variants are required for neuroprotective 
effects (Erbayraktar et ah 2003; Leist et ah 2004; Wang et 
ah 2004b). Drugs or vehicle (0.05% human serum albumin 
in phosphate-buffered saline) were administered intrave- 
nously at different time points after MCA occlusion as 
described in the text and figures. 

Neurologic Deficits 

Animals were evaluated for neurologic deficits using the 
limb placing and the foot-fault tests at different times 
after occlusion. The limb-placing test developed by De 
Ryck et al (1989) evaluates sensorimotor integration in 
limb-placing responses to visual, vibrissae, tactile, and 
proprioceptive stimuli. For each test, limb placing scores 
were 0, no placing; 1, incomplete and/or delayed ( > 2 sees) 
placing; or 2, immediate and complete placing. Each test 
was repeated for each paw up to 10 times and for each 
body side; the maximum limb placing score was 16. The 
foot-fault test developed by Hernandez and Schallert 
(1988) measiires the ability of the animal to integrate 
motor responses. The rats were placed on a grid with 
2 cm spaces between 0.3 cm diameter metal rods and were 
observed for 2 mins. With each weight-bearing step, the 
paw may fall or slip between the wires and this is 
recorded as foot-fault. The number of foot-faults for the 
paws contralateral and ipsilaterel to the infarction was 
recorded with the number of successful steps and the foot- 
fault index was calculated as the percentage of contral- 
ateral limb foot-faults per limb step minus the percentage 
of ipsilateral limb foot-faults per limb step. Baseline foot- 
fault index as acquired in nontreated nonoperated rats was 
usually < 5 (data not shown). 

Infarct Assessment 

Infarct volumes were determined 24 h after MCA occlu- 
sion by quantitative image analysis of triphenyl tetra- 
zolium chloride-stained 1-mm brain sections using a 
computerized image analysis system (AIS version 3.0 
software. Imaging Research, St Catherine's, ON, Canada) 
as described previously (Brines et al, 2000). Alternatively, 
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infarct volumes were measiired at day 7 after occlusion. 
Sections selected kom predetermined coronal planes 
( + 5.2 to -7.4 mm from bregma) were stained with 
toluidine blue. Images of brain sections were captured 
and measurements of hemispheric damage to cortical 
neuronal perikarya was determined by sitmmation of 
cortical infarct volumes measured in each brain slice 
using CAST software (Olympus, Denmark). Alternatively, 
the infarct volume was calculated as the percentage 
of infarct volume to the volume of the contralateral 
hemisphere (indirect volume calculation) as described 
previously (Zhang et al, 1997). 



Immimohistochemistry and Fluoro-Jade B Staining 

Animals were anesthetized with chloral hydrate and 
perfused transcardially with phosphate-buffered saline 
followed by 4% phosphate*buffered paraformaldehyde for 
15 mins. Brains were ciyoprotected in 30% sucrose, and 
sectioned into 20-/4m coronal cryosections. Cryosections 
were processed as free-floating sections using the protocol 
based on the avidin-biotin-peroxidase technique as 
described previously (van Beek et al, 2000). Alternatively, 
triphenyl tetrazolium chloride-stained slices were post- 
fixed in 4% paraformaldehyde fixative in phosphate 
buffer and paraffin-embedded. Four micron coronal 
sections were cut on a microtome and processed for 
immimohistochemistry using the same protocol as de- 
scribed above supplemented with antigen retrieval by 
microwaving in a citric acid buffer (10 mmol/L; pH 6). In 
all immunohistochemistry protocols, negative controls 
were performed by omitting the primary antibody, and 
this resulted in minimal detected signal in all cases. The 
following antibodies were used: goat anti-human Iba-1 
(1:4,000; Abeam, Cambridge, UK; #Ab5076), mouse anti- 
rat CD68 (clone EDI; 1:50; Serotec, Oxford, UK), rabbit 
anti-human myeloperoxidease (1:4,000; DAKO, Glostrup, 
Denmark; #A 0398), mouse anti-cow Tau-1 (clone PC1C6; 
1:5,000; Chemicon International, Temecula, CA, USA; 
#MAB3420), and rabbit anti-cow glial fibrillary acidic 
protein (GFAP) (1:4,000; DAKO; #Z 0334). Fluoro-Jade B 
staining was performed as described previously (Schmued 
et al, 1997). 



Staining Quantification 

Images were captured with a JenOptik ProgRes digital 
camera and image analysis was performed on an Openlab 
imaging station (Improvision, Coventry, UK). Images from 
brain areas were captiu*ed as follows: perifocal cortex for 
Ibal and GFAP (1.00 mm relative to bregma), infarcted 
core for myeloperoxidase and CD68 (1.00 mm relative to 
bregma), ipsilateral internal capsule and corpus callosum 
for Taul (-3.14 ram relative to bregma). For examination 
of Fluoro-Jade B staining, images from whole ipsilateral 
striatum were captured (1.00 mm relative to bregma]. For 
quantification of thalamic GFAP and CD68 staining, 
images from whole ipsilateral thalamus were captured 
(-3.14 mm relative to bregma). Density slicing of regions 



of interest under standardized conditions was used to 
detect the area of staining (Staining Index). 

In Vitro Neuroprotection 

Primary neuronal cultures were prepared from new bom 
rat hippocampi by trypsinization, and cultured as de- 
scribed (Leist et ai, 2004). On day 14, the cultures were 
challenged with SOO/miolA^ iV-methyl-D-aspartate for 
5 mins at room temperature. After the excitotoxic insult, 
preconditioned medium was returned to the cultures for 
24 h. Cells were fixed in 4% paraformaldehyde, stained 
with Hoechst 33342 (Molecular Probes, Eugene, OR, USA) 
and condensed apoptotic nuclei were counted. Approxi- 
mately 300 neurons were counted per condition in at least 
three separate wells and the experiments were repeated at 
least twice. 



Hematopoietic Bioactivity 

To test the hematopoietic bioactivity in a proliferation 
assay, the EPO-dependent human leukemia cell line UT7 
was obtained from Deutsche Sammlung von Mikroorganis- 
men und Zellkulturen (Braunschweig, Germany). The 
assay was performed as described previously (Erbayraktar 
eta/, 2003) over 48 h. Compounds were tested at 0.2 pmol/ 
L to 20nmol/L and proliferation was quantified using 
WST-1 reduction (Roche Applied Science, Indianapolis, 
IN. USA). 

Statistica] Analysis 

Data are presented as mean values ±s.e.m. Cortical infarct 
distribution data at 7 days after occlusion were analyzed 
using repeated-measures analysis of variance followed by 
Bonferroni tests. For histopathologic data and comparison 
between vehicle- and CEPO-treated animals, a Student's 
t-test was used. The nonparametric Mann-Whitney and 
Kruskal-Wallis tests were used to determine significant 
differences in neurologic scores when two or more groups 
were compared, respectively. 

Results 

Protection Against Ischemic Damage In Vivo and 
Excitotoxic Injury in Wtro by Caranesp 

Cortical infarct areas were significantly reduced 
by treatment with Caranesp and CEPO compared 
with vehicle in the 1-day survival group (31% and 
28% reduction from control, respectively; P<0.05; 
Figures lA and IB). A significant (P<0.01) im- 
provement in sensorimotor function was observed 
in Caranesp- and CEPO-treated animals compared 
with vehicle-treated rats (Figure IC). Caranesp 
prevented iV-methyl-D-aspartate-induced apoptosis 
of primary hippocampal cells (P< 0.001; Figure ID) 
but completely lacked bioactivity in the in vitro UT7 
hematopoiesis assay (Figure l£). 
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Figure 1 Neuroprotective properties of CEPO and Caranesp. (A) representative images of tetraphenyl tetrazolium chloride-stained 
sections 24 h after occlusion. (B) Total infarct volume as measured at 24 h after occlusion. Vehicle, Caranesp, or CEPO were 
administered intravenously 1 h after occlusion. Cortical infarct volume was significantly reduced by CEPO and Caranesp treatment 
{n = S and 9, respectively) compared with vehicle group {n = 9). *P<0.05 compared with vehicle group; Students f-test. (C) De 
Ryck sensorimotor test. The impairment in the sensorimotor test was significantly reduced by CEPO and Caranesp treatment. 
**P<0.01 compared with vehicle group; Kruskal-Wallis. Note that Caranesp protected apinst ischemic injury and restores 
sensorimotor function to a similar extend as CEPO. (D) Effect of Caranesp on /V-methyl-D-aspartate-induced toxicity in primary 
hippocampal neurons. Caranesp protects neurons against excitotoxicity, ***p< 0.001 compared with /V-methyl-D-aspartate-treated 
primary cortical neurons; Student's f-test. (E) Hematopoietic bloactivity of CEPO and Caranesp in the UT7 EPO-dependent human 
leukemia cell line proliferation assay. 



Attenuation of Postischemic Perifocal Microgliai 
Activation and Polymorphonuclear Leukocyte 
Infiltration by Carbamylerythropoietin Treatment 

lUphenyl tetrazolium chloride-stained slices from 
vehicle- and CEPO-treated rats (1-day survival 
groups) were further processed for immunostaining 
for inflammatory markers including GFAP, Iba-1, 
and myeloperoxidase. At 1 day after occlusion, 
GFAP expression in the perifocal area was not 
significantly (P>0.05) increased compared with 
contralateral control area (data not shown). Glial 
fibrillary acidic protein expression was not affected 
by CEPO treatment (data not shown). Iba-l-positive 
microglia were observed in regions surrounding the 
ischemic core (Figure 2A) and numerous polymor- 
phonuclear leukocjrtes stained for myeloperoxidase 
were seen in the ischemic core (Figure 2B). Very few 
CD68-positive macrophages were observed within 



the infarcted core (data not shown). Carbamylery- 
thropoietin treatment was found to reduce perifocal 
microglial activation (P<0.05; Figure 2A) as well 
as polymorphonuclear leukocyte infiltration within 
the ischemic core (P<0.05: Figure 2B). 



Reduction of Ischemic White Matter Ischemic Damage 
by Carbamylerythropoietin Treatment 

Ischemic insult to oligodendrocytes was assessed 
by Tau-1 immunostaining as described previously 
(Valeriani et al, 2000). After 24 h occlusion, cells 
positive for Tau-1 with the characteristic morpho- 
logy of oligodendrocytes, featuring a thin rim of 
cjrtoplasm and small soma, were present throughout 
ipsilateral gray and white matter, as described 
previously pewar and Dawson, 1995; Valeriani et al, 
2000). In particular, Tau-l-positive oligodendrocytes 
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Figure 2 Reduction of postischemic microglial activation and polymorphonuclar leukocyte Infiltration Ijy CEPO. (A) Representative 
photomicrographs and quantification of perifocal microglial activation assessed with lba-1 immunoreactivily. (B) Representative 
photomicrographs and quantification of myeloperoxidase (polymorphonuclear leukocytes) staining within the ischemic core. (C and 
D) Representative photomicrographs and quantification of Tau-1 (white matter damage) immunoreactivity In the Ipsilateral internal 
capsule (C) and subcortical white matter (D). Rats were treated Intravenously with vehicle (n = 9) or CEPO (n = 8) 1 h after occlusion 
and killed 24 h after occlusion. *P < 0.05. **P < 0.01 , and < 0.001 compared with vehicle-treated animals; Students t-test. 



were consistently observed in the ipsilateral internal 
capsule (Figure 2C) and subcortical white matter 
(Figure 2D). The extent of oligodendrocj^e patho- 
logy in the internal capsule (Figure 2C) and 
subcortical white matter (Figure 2D) ipsilateral to 
the occluded MCA was significantly (P< 0.001 and 
P<0.01, respectively) reduced in the (DEPO-treated 
group compared with the vehicle-treated group. 



Reduced Striatal Damage by Carbamyleiythropoietin 
Treatment 7 Days After Occlusion 

Fluoro-Jade B staining revealed extensive neurode- 
generation in the ipsilateral but not the contralateral 
striatum, as assessed at 7 days postoperatively 



(Figure 3A). Intravenous treatment with CEPO 
(50/ig/kg) administered 3, 24, and 48 h after occlu- 
sion significantly (P<0.G1) attenuated striatal 
(subcortical) damage (86% reduction from control; 
Figure 3B). Nevertheless, cortical infarct volume, as 
assessed by either direct (Figure 3C) or indirect (data 
not shown) calculation methods, was not signifi- 
cantly (P>0.05) reduced in rats treated with CEPO 
administered 3h or 3, 24, and 48 h after occlusion 
compared with the vehicle group (Figure 3C). 

Improvement of Neurologic Outcome After 
Er3^hropoietin Treatment 7 Days After Occlusion 

We further assessed the effect of EPO treatment on 
cortical infarct volimie and behavioral outcome. 
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Figure 3 Protection against delayed striatal injury by CEPO. (A) Fluoro-Jade B staining shows extensive neuronal damage in the 
cortex and the striatum at day 7 after occlusion in a vehicle-treated animal. (B) Quantitative analysis of Fluoro-Jade B staining within 
the Ipsilateral striatum. Carbamylerythropoietin treatment (3, 24, and 48 h after occlusion; n = 5) protects the ipsilateral striatum 
against ischemic damage. **P < 0.01 compared with vehicle group; Students Mest. (C) Rostrocaudal distribution of cortical areas 
of infarction 7 days after MCA occlusion at 14 coronal levels as assessed using toluidine blue staining. Carbamylerythropoietin 
treatment administered 3 h (n = 7) or 3. 24, and 48 h (n = 5) after occlusion has no effect on cortical infarct volume when compared 
with vehicle-treated rats (n » 5) as assessed by toluidine blue staining. Data were analyzed using repeated-measures analysis of 
variance followed by BonferronI tests. 



Cortical infarct volume was not significantly 
(P>0.05) reduced in rats treated with EPO, as 
assessed by either direct (Figiu-e 4A) or indirect 
(data not shown) calculation methods. Animals 
subjected to ischemia showed an increase in con- 
tralateral (left) limb placing deficits on the De Ryck 
sensorimotor test (Figure 4B) as well as in contral- 
ateral forelimb foot-faults on the Hernandez- 
Schallert foot-fault test (Figure 4C]. No deficits in 
ipsilateral limb placing in animals with cerebral 
ischemia were observed (data not shown). Sham- 
operated animals had no impairment in limb 
behavior at any time periods and their score was 
16 (data not shown). IVeatment with EPO signifi- 
cantly improved neurologic outcome on the De Ryck 
(Figure 4B) and the foot-fault (Figure 4C) tests at 
days 1 and 7 after stroke. 



Rescue of Neurologic Function by 
Carbamylerythropoietin Treatment 

Carbamylerythropoietin-treated rats showed a sig- 
nificant (P<0.05) enhancement in recovery of 
contralateral limbs at 28 and 50 days after occlusion 
(Figure 5A). Moreover, CEPO-treated rats had a 
significantly (P<0.05) better contralateral forelimb 
performance on the Hemandez-Schallert foot-fault 
test than the vehicle-treated animals within 7 days 
of treatment. This effect was sustained at every 
observational point throughout the siu^ival period 
(Figure 5B). The two dosing regimes used (3 h versus 



3, 24, and 48 h after occlusion) provided identical 
beneficial effects on functional deficits (Figures 5A 
and 5B]. 



Reduction of Delayed Postischemic Thalamic Gliosis 
by Carbamylerythropoietin 

In addition to changes in the cortical infarct region, 
a dense homogeneous astrogliosis occurred in fiber 
tracts connecting cortex and thalamus and in the 
corresponding thalamic nuclei at 60 days after 
occlusion as assessed by GFAP immunostaining 
(Figure 5C). The extent of thalamic GFAP immuno- 
staining significantly (P<0.05) correlated to beha- 
vioral impairment in the foot-fault test at day 50 
after stroke, whereas the correlation analysis did not 
reach significance for the De Ryck sensorimotor test 
(data not shown). Carbamylerythropoietin treatment 
significantly (P<0.01) reduced GFAP density in the 
thal£unic nuclei ipsilateral to the ischemic insult 
(Figures 5C and 5D). Glial fibrillary acidic protein- 
positive astrocytic cell bodies and processes in the 
ipsilateral thalamus were consistently thicker in 
vehicle-treated animals compared with CEPO-trea- 
ted rats (Figure 5C). Microglia/macrophage activa- 
tion was prominent within 3ie ipsilateral thalamus, 
as assessed by CD68 immunostaining (Figure 5E). 
Microglia/macrophage activation significantly 
(P< 0.001) correlated with functional deficit as 
measvired in the foot-fault test 50 days after stroke. 
In contrast, the outcome of the De Ryck sensorimotor 
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Figure 4 Rescue of neurologic function by EPO treatment. (A) 
Rostrocaudai distribution of cortical areas of Infarction 7 days 
after MCA occlusion at eight coronal levels as assessed using 
toluidine blue staining. Erythropoietin treatment administered 
3h after occlusion in = 7) has no effect on cortical infarct 
volume when compared with vehicle-treated rats (n = 7) as 
assessed by toluidine blue staining. Data were analyzed using 
repeated-measures analysis of variance followed by Bonferroni 
tests. (B) De Ryck sensorimotor test. Erythropoietin treament 
Improved sensorimotor function 1 and 7 days after occlusion. 
(B) Foot-fault test. Erythropoietln-treated rats had a better 
contralateral forelimb performance on the Hernandez-Schallert 
foot-fault test than the vehicle-treated animals 1 and 7 days 
after stroke, **P<0.01 and ***P< 0.001 compared with 
vehicle group; KruskahWallis test. 



test did not significantly (P>0.05) correlate to micro- 
glia/macrophage activation. Carbamylerythropoietin 
treatment significantly (P<0.01) reduced CD68 im- 
munostaining (Figures 5E and 5F), with CEPO-treated 
animals showing less retracted and thinner CD68- 
positive microglia/macrophages (Figure 5E). 



Efficacy of Carbamylerythropoietin Treatment with 
Extended Time-to-Treatment Window 

We further assessed whether animals treated with 
CEPO at a later time point after stoke, that is, 1 day, 
would exhibit improved functional recovery. 
Animals were administered CEPO intravenously at 
1 and 2 days after occlusion. A significant (P<0.01] 
recovery of sensorimotor function was observed at 



7 days after occlusion in CEPO-treated animals 
compared with vehicle-treated rats (Figure 6A). 
The effect was sustained at 14, 21, and 28 days 
postoperatively (P<0.Q1; Figure 6A). Additionally, 
CEPO-treated rats exhibited better contralateral fore- 
limb performance on the Hemandez'-Schallert foot- 
fault test than the vehicle-treated animals 7 (P< 0.01) 
and 28 days (P<0.05) after stroke (Figure SB). 



Improvement of Functional Motor Recovery by 
T^atment with the Nonhematopoietic Mutant 
Erythropoietin SlOOE 

Some mutants generated by site-directed mutagen- 
esis of the human EPO encoding sequence lack 
affinity for the EPOR homodimer, but retain their 
tissue-protective property (Leist et al, 2004). We 
further tested the ability of the mutant EPO-SlOOE to 
improve neurologic fimction after stroke. When 
administered 3 h after ischemia, EPO-SlOOE signifi- 
cantly improved the sensorimotor score in the De 
Ryck test at 1 (P<0.01) and 14 days (P<0.05) 
postoperatively (Figure 7A). Moreover, EPO-SlOOE 
treatment resulted in reduced foot-faults compared 
with vehicle treatment at days 7 (P<0.05) and 14 
(P<0.05) after stroke (Figure 7B). Erythropoietin- 
SlOOE had no henfiatopoietic bioactivity as mea- 
sured in the UT7 EPO-dependent human leukemia 
cell line proliferation assay (Figure 7C). 



Discussion 

Our results show that postischemic intravenous 
treatment witii CEPO elicits histologic protection 
and promotes recovery. CEPO treatment inhibited 
microglia activation and neutrophil infiltration, 
protected against ischemic white matter injury, 
reduced delayed striatal injury and thalamic glial 
activation, and ameliorated sensorimotor function. 
The time-to-treatment window with CEPO was 
extended to 24 h after stroke. Moreover, other none- 
rythropoietic derivatives such as Caranesp and the 
mutant EPO-SlOOE were also foimd to protect 
against ischeniiic damage and to improve post- 
ischemic neurologic function. 

Carbamylerythropoietin has been described pre- 
viously to decrease postischemic cortical infarct 
volume 1 day after occlusion (Leist et al, 2004). We 
further assessed whether the neuroprotective effect 
of CEPO was sustained 7 days after occlusion. We 
found that CEPO treatment had no effect on the 
apparent cortical infarct volimie at 7 days post- 
operatively as assessed by toluidine blue staining. 
One potential explanation is that infarct volume 
measurements in rodents become inexact and 
influenced by many confounding factors (tissue 
shrinkage, glial scarring, cell infiltrates) at periods 
of more than 3 days after the ischemic insult. 
These effects may have obscured a potential tissue 
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Figure 5 Facilitation of long-term recovery and attenuation of delayed thalamic glial activation by CEPO. (A) De Ryck sensorimotor 
test. Animals were administered vehicle {n = 7), CEPO 3 h after occlusion {n = 5), or CEPO 3, 24, and 48 h after occlusion in = 6). 
Carbamylerythropoietin-treated animals show significantly Improved recovery of contralateral limbs at 21 and 50 days after 
occlusion. (B) Foot-fault test. Impairment in this test was significantly reduced by CEPO treatment starting from the first week after 
stroke and thereafter. Note that the two dosing regimens had similar effect on the improvement of clinical deficit. Behavioral 
differences were statistically different between CEPO-treated rats (3 h after occlusion; /? = 5) and vehicle-treated animals in = 7) 
(*P < 0.05; Kruskal-Wallis test) and between CEPO (3, 24, 48 h after occlusion; n = 6)-treated rats and vehicle-treated animals 
(*P < 0.05; Kruskai-Wallis test). (C) Representative reconstructed photomicrographs of GFAP immunostaining within the ipsilateral 
thalamus. (D) Carbamylerythropoietin treatment (3, 24, and 48 h after occlusion) reduces thalamic astrogliosis (GFAP) at day 60 
after occlusion. (E) Thalamic CD68 immunostaining In vehicle- and CEPO-treated rats. (F) Effect of CEPO treatment (3, 24, and 48 h 
after occlusion) on thalamic macrophage activation (C068) in vehicle- and CEPO-treated rats 60 days postoperatively. 
Immunostaining differences were statistically different between CEPO- and vehicle-treated animals (*P<0.05 and **P<0.01; 
Student's Mest). 



protective effect, and the issue needs to be ad- 
dressed in the future by a longitudinal study based 
on magnetic resonance imaging technology. Another 
potential explanation is that this might reflect 
differential effects of CEPO on acute and delayed 
infarct expansion, as observed for other compounds 
(Tateishi et al, 2002). In our stroke model, the 
temporary occlusion of the contralateral CCA pro- 
duces a penumbra surroimding the fixed MCA 
lesion (Zimmerman et ol, 1995) and a wide ischemic 



penumbra is a prerequisite for the occurrence of a 
delayed infarct expansion (Hossmann, 1994). It can 
thus not be refuted that CEPO treatment might delay 
cortical infarct expansion without affecting final 
cortical infarct volume. In line with this view, we 
further observed that cortical infarct volume at day 
7 after occlusion was not affected in rats treated 
with EPO. The separation between behavioral out- 
come and infarct size after EPO treatment has been 
described before (Renzi et al, 2003; Wang et al, 
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Figure 6 Improvement of postischemic motor function by CEPO 
with extended time-to-treatment window. (A) De Rycl< sensor- 
imotor test. Animals were administered vehicle (n = 5) or CEPO 
Intravenously 1 and 2 days after MCA occlusion. 
Delayed treatment with CEPO elicits recovery of contralateral 
limbs at day 7 after occlusion and up to 50 days after ischemia. 
(B) Foot-fault test. Delayed CEPO treatment ameliorates 
neurologic function In the Hernandez-Schallert foot-fault 
test 7 and 28 days postoperatively. *P < 0.05 and **P < 0.01 
compared with vehicle-treated group; Mann-Whitney test. 



2004a), indicating that dosing regimen may be 
critical for long-term histologic effect of EPO and 
EPO derivatives. Nevertheless, EPO, CEPO. and 
related analogs all elicited robust and long-lasting 
improved functional recovery, suggesting a poor 
correlation betv^een final cortical infarct volume 
and behavioral outcome in our model, as described 
before in other models. For instance, intravenous 
administration of a subneuroprotective dose of 
brain-derived neurotrophic factor was found to 
improve functional outcome without affecting final 
inforct size (Schabitz et ah 2004). Because infarct 
volume correlates only moderately with clinical 
outcome of stroke patients, it was suggested to 
constrain the use of infarct volume as a surrogate (or 
auxiliary) end point in ischemic stroke clinical trials 
(Saver et al, 1999). 

Cerebral infarction induced by tandem permanent 
occlusion of the right MCA and ipsilateral CCA 
followed by temporary occlusion of the contralateral 
CCA has been shown to be confined to the cortical 
zone (Zimmerman et al, 1995). However, using 
Fluoro-Jade B, a polyanionic fluorescein derivative 
which sensitively and specifically binds to degen- 
erating neurons (Schmued et ai, 1997), we were able 
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Figure 7 Improvement of motor function after strol<e by the 
nonhematopoietic mutant EPO-SIOOE. (A) De Rycl< sensori- 
motor test. Vehicle (n = 8) or EPO-SIOOE (SIOOE; n = 8) was 
administered intravenously 3h after occlusion. SIOOE treat- 
ment improved sensorimotor function 1 and 14 days after 
occlusion. (B) Foot-fault test. SlOOE-treated rats had a better 
contralateral forelimb performance on the Hernandez-Schallert 
foot-fault test than the vehicle-treated animals 7 and 14 days 
after stroke. *P < 0.05 and **P< 0.01 compared with vehicle 
group; Kruskal-Wallis test. (C) Hematopoietic bioactivity of 
SIOOE in the UT7 EPO-dependent human leukemia cell line 
proliferation assay 



to show extensive neuronal degeneration in the 
ipsilateral but not the contralateral striatum 7 days 
after occlusion. Furthermore, we found that CEPO 
dramatically protected animals against postischemic 
delayed striatal damage. Delayed degeneration of 
fiber tracts in the striatiun after focal ischemia, 
as evidenced using Fluoro-Jade staining has been 
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documented before (Butler et ah 2002). Fluoro-Jade 
was proposed as a useful alternative to tedious (e.g., 
suppressed silver staining) or nonspecific staining 
methods (e.g., toluidine blue) for the evaluation of 
postischemic damage. Moreover, because Fluoro- 
Jade labelling is not specific to a particular mechan- 
ism of injury or type of cell death, the method 
broadens the opportunities to assess neiiroprotec- 
tive effect of compoimds. 

Recently, Belayev et al (2005) reported that treat- 
ment of experimental focal stroke with darboetin alfa, 
a novel EPO-derived protein, resulted in behavioral 
and histologic neuroprotection. Our observation that 
Caranesp is neuroprotective in vitro and in vivo (same 
degree as observed with CEPO) broadens the proof- 
of-concept for carbamylation of other EPO-derived 
erythropoiesis-stimulating agents. The carbamylation 
of EPO-derived agents thus may have potential utility 
in treating stroke in the cUnical setting. 

Focal ischemia elicits a profoimd inflammation 
response that is believed to contribute to cell 
death (Dimagl et al, 1999). Although clinical trials 
undertaken with compounds inhibiting cellular 
inflammation have not shown efficacy so far, further 
development of strategies to modulate postischemic 
inflammatory events remain attractive (Legos and 
Barone, 2003; Dimagl, 2004). In addition to its 
neuroprotective effect, EPO administration is also 
associated with decreased production of proinflam- 
matory cytokines within the ischemic tissue after 
focal stroke (Villa et al, 2003). Similarly, tissue 
protection by CEPO has been correlated with 
reduced inflammatory mediators (interleukin-6 and 
membrane cofactor protein-1 levels) in ischemic 
tissue (Leist et a/, 2004). We herein further show that 
CEPO inhibits perifocal microglial activation and 
reduces polymorphonuclear leukocyte infiltration 
within the ischemic core, possibly leading to 
decreased damage. However, the exact mechanisms 
underlying the antiinflanMnatory properties of CEPO 
treatment after stroke remain to be elucidated. 

Few compounds have been examined for their 
ability to protect against ischemic white matter 
damage in preclinical models before reaching 
clinical trials. Nevertheless, functional recovery 
after an ischemic insult will be improved not only 
by protection of cortical gray matter but also 
protection of associated white matter (Dewar et al, 
1999). A reason why stroke clinical trials have, so 
far, proved disappointing might reside in the 
inability of the tested drugs to protect white matter, 
specifically axons and oligodendrocytes, against 
ischemic damage (Dewar et al, 1999). Accordingly, 
ability of drugs to protect white matter damage was 
recently proposed as an additional read-out to the 
STAIR recommendations for preclinical evaluation 
of compounds before progression to clinical trials 
(Green et a7, 2003). Our cmrent observation that 
white matter damage, as reflected by Tau-1 immuno- 
staining index, was reduced by CEPO treatment thus 
may have important clinical implications. 
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The present study further shows that CEPO is not 
only a neturoprotectant but also mediates functional 
recovery after stoke. The administration of CEPO 3 h 
after stroke improved functional neurobehavior, as 
assessed by sensorimotor and foot-fault placing 
tests. This beneficial effect was maximal within 
the first week after treatment and persisted through- 
out the 50-day survival period. The mutant EPO- 
SlOOE, which lacks affinity for the EPOR homo- 
dimer but retains its neuroprotective activity in vHto 
(Leist et al, 2004), improved postischemic behavior- 
al outcome to a similar extent to that observed 
with CEPO treatment. This interesting observation 
further supports the existence of a second cognate 
receptor mediating neuroprotective activities of 
EPO. Several studies using various models of 
ischemic stroke have reported beneficial effect 
of EPO on postischemic behavioral outcome 
(Sadamoto et al, 1998; Wang et al, 2004a; Chang 
et al, 2005; Spandou et al, 2005). We herein provide 
further evidence that CEPO treatment ameliorates 
the functional recovery even if administered 24 h 
after stroke. Similarly, delayed administration of 
CEPO by up to 48 or 72 h after spinal cord injury 
resulted in enhanced functional recovery (Leist et al, 
2004). This information is critical fi'om the clinical 
point of view when treating patients in subacute or 
even long-term dosing regimes and distinguishes 
CEPO as a potential treatment of stroke fi^om many 
other drugs that failed in clinical trials. 

Functional improvement elicited by CEPO treat- 
ment after stroke could be caused by modulation 
of long-term tissue inflammation. The outcome of 
behavioral impairment in the foot-fault test signifi- 
cantly correlated with the extent of both microglia/ 
macrophage and astrocyte activation in the ipsilat- 
eral thalamus. Moreover, we foimd that the bene- 
ficial effect of CEPO treatment on neurobehavioral 
effect is associated with reduced thalamic glial 
inflammation. Increased astrocytic and microglial 
reactivity is a common feature of neurologic dis- 
orders, but whether beneficial or adverse effect on 
neuronal function predominate is unclear. Recent 
studies have suggested that reactive astroc3rtes 
secrete neurotrophic factors at the lesion site in 
response to injury (Clarke et al, 2001), providing a 
permissive substrate for axonal regrowth (Ridet et al, 
1997). However, at later stages, scar-type astrocytes 
may be an obstacle to axoned regrowth (Fawcett and 
Asher, 1999). Our observation that reduced glial 
activation at late stage (e.g., 2 months after stroke) 
after CEPO treatment is associated with diminished 
behavioral impairment corroborates recent findings 
by Badan et al (2003) demonstrating that increased 
postischemic glial reactivity in aged rats correlates 
with reduced functional recovery. 

In the time frame of 60 days after stroke, long- 
term neurorestorative effects of CEPO may also be 
considered, such as angiogenesis and neurogenesis. 
Erythropoietin, in addition to a direct protective 
effect on neuronal cells during cerebral ischemia. 
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has been reported to promote brain vessel growth 
in vivo and in vitro (Marti et ah 2000). Recently, 
Wang et al (2004a) showed that treatment with EPO 
significantly improved poststroke functional recov- 
ery along with increased density of cerebral micro- 
vessels and number of neiiroblasts in the perifocal 
area. Erythropoietin receptor conditional knock- 
down were further found to lead to deficit in 
poststroke neurogenesis through impaired migration 
of neuroblasts to the peri-infarct cortex, suggesting 
that both EPO and EPOR are essential for migration 
of regenerating neurons during postinjury recovery 
(Tsai et al, 2006). Studies to evaluate the effect of 
CEPO and other noneiythoropoietic EPO derivatives 
on postischemic angiogenesis and neurogenesis are 
warranted. 

In conclusion, our present findings add to the 
accumulating evidence that engineered derivatives 
of EPO that are tissue protective without stimulating 
er3rthropoiesis could have significant clinical appli- 
cation for the treatment of stroke. 
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Abstract 

Recently, erythropoietin (EPO) and the nonerythropoietic 
derivative asialoEPO have l>een linked to tissue protection in 
the nervous system. In this study, we tested their effects in a 
model of neonatal hypoxianschemia (HI) in 7-day-old rats 
(unilateral carotid ligation and exposure to 7.7% for 
50 min). EPO (10 U/g t)ody weight = 80 ng/g; n = 24), asi- 
aloEPO (80 ng/g; n = 23) or vehicle (phosphate-buffered 
saline with 0.1% human serum albumin; n — 24) was injected 
intraperitoneaily 4 h before HI. Both drugs were protective, as 
judged by measuring the Infarct volumes, neuropathological 
score and gross morphological score. The Infarct volumes 
were significantly reduced by both EPO (52%) and asialoEPO 
(55%) treatment, even though the plasma levels of asialoEPO 
had dropped below the detection limit (1 pm) at the onset of HI. 



while those of EPO were in the nanomolar range. Thus, a brief 
trigger by asialoEPO before the insult appears to be sufficient 
for protection. Proteomics analysis after asialoEPO treatment 
alone (no HI) revealed at least one differentially up-regulated 
protein, synaptosome-associated protein of 25 IdDa (SNAP- 
25). Activation (phosphorylation) of ERK was significantly 
reduced in asialoEPO-treated animals after HI. EPO and the 
nonerythropoietic asialoEPO both provided significant and 
equal neuroprotection when administered 4 h prior to HI in 
7-day-old rats. The protection might be related to reduced 
ERK activation and up-regulatlon of SNAP-25. 
Keywords: asialoerythropoietin, erythropoietin, hypoxia, Isc- 
hemia, neonatal, neuroprotection. 
J. Neurochem. (2004) 91, 900-^10. 



Hypoxic-ischemic brain injuiy (HI) is one of the major 
causes of subsequent neurological, life-long disability in both 
pretenn and teim infants. The injury develops over hours to 
days after the insult, and several mechanisms of injury have 
been identified; however, so far no treatment strategies have 
been found reliable in mitigating die neurological injury or 
resulting impaimnents (Hagberg et al 2001). The neuropa- 
thology of brain injuiy after HI includes focal ischemic 
inflEtrction, selective neuronal necrosis, inflammation and 
apoptosis (Hagbeig 1992; Volpe 2001; Hagberg et al 2002). 
During normal development more than half of the neurons 
are lost through apoptosis in certain brain regions (Raff et al, 
1993). The immature brain has been suggested to retain this 
developmental cell death program to some extent, and 
apoptosis-related mechanisms may play a more important 



role after HI in the immature than in the adult brain (Ni et al 
1998; Hu et al 2000; Blomgren et al 2001; Gill etal 
2002). Many key elements of apoptosis have been demon- 
strated to be activated and even up-regulated in tfie immature 
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brain, such as ca$pase-3 (Cheng ei al. 1998; Blomgren et aL 
2001; Wang etal. 2001), AW (Zhu etaL 2003), APAF-1 
(Ota etal 2002), Bcl-2 (Merry etal. 1994) and Bax 
(Vekrellis et aL 1997). 

Human erythiopoietin is a sialoglycoprotein (molecular 
weight c. 30 kDa) containing a 165 amino acid residue 
backbone (Jelkmann 1992). This cytokine has been associ- 
ated mainly with the fonnation of new erythrocytes by 
protecting eiythroid progenitors in the bone marrow against 
apoptosis, and the clinical applications of recombinant 
human EPO (rfiEPO) have so fer been focused mainly on 
the treatment of anemias. EPO mRNA was shown to be 
up-regulated in several tissues after hypoxia, including the 
brain (Tan et aL 1992), and astrocytes have been suggested 
to mediate hypoxic preconditioning by producing EPO, 
thereby increasing the resistance of neurons to subsequent 
insults (Grimm et aL 2002; Ruscher et aL 2002). Both EPO 
and its receptor (EPOR) have been identified in the brain of 
several mammals (Digicaylioglu etaL 1995; Marti etaL 
1996), including humans (Juul et aL 1999b). It appears that 
EPO acts on several different levels, such as attenuation of 
apoptosis (Jiiul et aL 1998; Digicaylioglu and Lipton 2001; 
Siren et aL 2001; Celik et aL 2002), excitotoxicity (Kawa- 
kami et aL 2001), oxygen-free radicals (Calapai et aL 2000; 
Digicaylioglu and Lipton 2001) and inflammation (Brines 
et aL 2000). Interestingly, despite its size, EPO did readily 
cross tiie blood-brain barrier, reach hippocampal and cortical 
neurons (Erbayraktar et aL 2003), or mediate protection 
against focal ischemia in adult rats (Brines et aL 2000). The 
concentrations of EPO in plasma and CSF were higher in 
asphyxiated infants than in controls, but this was not the case 
after meningitis (Juul et aL 1999a), indicating that EPO was 
selectively increased in the CSF by hypoxia. Neuroprotective 
concentrations of rhEPO were detected in the cerebrospinal 
fluid after a single intravenous (i.v.) or intraperitoneal (i.p.) 
injection in fetal sheep and non-human primates (Juul et aL 
2004). In adult rodents, EPO treatment has provided 
neuroprotection when administered intracerebroventricular 
(i.c.v.) before (Bemaudin et al. 1999) and after (Sakanaka 
et al. 1998; Wen et aL 2002) the insult, but also systemic 
(i.p.) administration before (Siren et aL 2001) and after 
(Brines et al 2000; Erbayraktar et aL 2003) an ischemic 
insult was effective. In all these settings, EPO was present at 
high plasma concentrations during the development of tissue 
damage. Recent reports indicate that EPO treatment is 
protective also in the neonatal setting, both after i.c.v. (Aydin 
et aL 2003) and i.p. administration in 7-day-old rats (Kumral 
et aL 2003) and mice (Matsushita et aL 2003). The mech- 
anisms mediating this protection in vivo have not been 
elucidated. EPO treatment is attractive because it has been in 
clinical use for years, and is also considered safe for pediatric 
puiposes. However, multiple dosing may cause potentially 
harmful increases in hematocrit that augment brain injury 
(Wiessner et aL 2001). EPO devoid of sialic acid has been 



demonstrated to retain the neuroprotective properties of EPO 
without affecting hematocrit (Erbayraktar et aL 2003). It has 
been suggested that EPO or asialoEPO trigger neuroprotec- 
tive signaling cascades that are memorized by cells. Due to 
its extremely short plasma half-life, asialoEPO is an ideal 
too] for studies addressing the cellular changes triggered by 
EPO and relevant for delayed tissue protection, but this type 
of EPO derivative has not been tried in tfie immature brain. 
The present study was undertaken to compare the effects of 
EPO and the noneiythropoietic asialoEPO in a model of 
perinatal HI. 



Materials and methods 

Inductioii of hypoxla-lschemia and drug administration 

Unilateral hypoxia-ischemia was induced in 7-day-o!d Wistar rat 
pups (from Charles River, Sulzfeld, Germany) of either sex using 
the Rice-Vannucci model (Rice etal. 1981). Animals were 
anesthetized with halothane (5% for induction, 1. 5-3.5% for 
maintenance) in a mixture of nitrous oxide and oxygen (1 : 1), 
and the duration of anesthesia was < 5 min. The left common 
carotid artery was cut between double ligatures of prolene sutures 
(6-0). After the surgical procedure the wounds were infiltrated with 
a local anesthetic, and the pups were allowed to recover for 1 h. The 
litters were placed in a chamber periused with a humidified gas 
mixture (7.7% oxygen in nitrogen) for 50 min. The temperature in 
the incubator, and the temperature of the water used to humidify the 
gas mixture, was kept at 36X. After hypoxic exposure the pups 
were returned to their dams and allowed to recover for up to 5 days. 
Control pups were neither subjected to ligation nor hypoxia. 
Animals were injected i.p. with EPO (10 U/g body weight, 
equivalent to 80 ng/g) (Dragon Pharmaceuticals, Vancouver, 
Canada), asialoEPO (80 ng/g body weight), produced at Lundbeck 
as described earlier (Erbayraktar et al. 2003), or vehicle [phosphate* 
buffered saline (PBS) witii 0.1% human serum albumin] 4 h before 
tiie insult In a separate series, animals were injected i.p. twice, at 24 
h and 4 h before the insult, with EPO (5 U/g body weight, 
equivalent to 40 ng/g), asialoEPO (40 ng/g body weight) or vehicle 
(PBS with 0.1% human serum albumin). AU animal experimentation 
was approved by the EUitcal committee of Goteborg (204- 2001 and 
28g-2002). 

Assessment of brain dama^ 
Infarct volume measurement 

Five-day post-HI pups were deeply anesthetized and perfttsion-fixed 
wiA 5% formaldehyde in 0.1 m PBS. The brains were rapidly 
removed and immersion-fixed in 5% formaldehyde at 4°C for 24 h. 
After dehydration widi graded ethanol and xylene, the brains were 
paraffin-embedded and cut into S-jun fiontal sections. Every 100th 
section was stained for microtubule-associated protein 2 (MAP2). 
The areas in the cortex, striatum, thalamus and hypothalamus 
displaying loss of MAP2 staining were measured using Micro Image 
(Olympus, Tokyo, Japan) and the volumes calculated according to 
the Cavalieri Principle using the following formula: V = 
lA X p X T, where V = total volume, 2A is the sum of the areas 
measured, j? = the inverse of the sections sampling ftaction, and T 
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is the section thickness. The investigator measuring the MAP2- 
negative areas and calculating the volumes was blinded to the 
treatment of the animals. Total tissue loss was calculated by 
subtracting the MAP2-positive vohmie of the ipsilateral hemisphere 
from the contralateral hemisphere. 

Neuropathology score 

Brain injury in different regions was evaluated using a semiquan- 
titative neuropathological scoring system as described previously 
(HedtjSm et al. 2002). Briefly, sections were stained with thionin/ 
acid luchsin and scored by an observer blinded to the treatment of 
the animals. The cortical injury was graded from 0 to 4, 0 being no 
observable injury and 4 confluent infarction encompassing most of 
the hemisphere. The damage in hippocampus, striatum and thalamus 
was assessed both with re^ct to hypotrophy (shrinkage) (0-3) and 
observable cell injuiy/in&rction (0-3) resulting in a neuropatholog- 
ical score for each brain region (0-6). The total score (0-22) was flie 
sum for all four regions. 

Gross morphology score 

Gross morphology scoring was performed according to a method 
modified from Yager al (1992). After dissecting out the brain, the 
degree of injury was evaluated by inspection of the brain surface. 
Grade 0, normal, equal size of the two hemispheres and no visible 
white lesion; grade 1, a small white lesion plaque; grade 2, 
hypotrophy and large cysts in the ipsilateral hemisphere; grade 3, 
only parasaggital viable tissue left in the whole midline; and grade 4, 
total loss of the ipsilateral hemisphere. 

CA2 neuronal count 

The number of neurons in one visual field of CAl 5 days post-HI 
was counted by an observer blinded to the treatmem of the animals 
(400 X magnification, one visual field = 0.196 mro^). One section 
per animal was counted in the vehicle-treated (« = 24), EPO-treated 
{n = 24) and asialoEPO-treated (/i = 23) animals and the average 
was compared between groups. 

Pharmacokinetics 

EPO or asialoEPO were administered i.p. (80 ng/g body weight) to 
7-day-old rats and blood was sampled at 4 min, 10 min, 1 h and 4 h 
(/I = 3 per time point) after the injection. Heparinized blood was 
centrifijged at 3200 x g for 10 min at 4°C and the plasma samples 
thus obtained were analyzed for EPO and asialoEPO using a 
validated ELISA at Lundbeck (Valby, Denmark), as described 
earlier (Eibayraktar ei al 2003). 

Immunoblottiiig 

Animals treated with asialoEPO or vehicle as above were killed by 
decapitation 3 h after HI (n = 6 per time point). Littermates treated 
with asialoEPO but not subjected to HI were killed at the same time 
as those subjected to HI (7 h after the injection). The brains were 
rapidly dissected out on a bed of ice. The parietal cortex (including 
the hippocampus) and diencephalon (includii^g the thalamus, 
hypothalamus and striatum) were snap irozen in liquid nitrogen 
and stored at -80°C. Tissue samples were homogenized by 
sonication in ice-cold isolation buff^ [15 mM Tris-HCl, pH 7.6, 
320 mM sucrose, 1 mM dithiothreitol, 1 mM MgCl2, 3 mM EDTA-K, 
0.5% protease inhibitor cocktail (P8340; Sigma) and 50 mg/mL 



cyclosporine A], aliquoted and stoi^ at -80°C. The protein 
oottcenttation was determined according to Whitaker and Granum 
(1 980X adapted for micro plates. Samples were mixed with an equal 
volume of concentrated (3 x) sodium dodecyl sul&te-polyacryla- 
mide gel electrophoresis (SDS-PAGE) buffer and heated (96*C) for 
5 mm. Individual sanq)les were run on 4-20% Tris-gtycine gels 
(Novex, San Diego, CA. USA) and transferred to reinforced 
nitrocellulose (Schleicher & Schuell, Dassel, Germany) membranes. 
After blocking with 30 niM Tris-HCl (pH 7.5), 100 mM NaCl and 
0. 1% Tween 20 (TBS-T) containing 5% fet-firee milk powder for I h 
at room tenq)erature, the membranes were mcubated with primary 
antibodies: anti-p-ERK (#9101, I : 1000, Cell Signaling Technol- 
ogy, Inc. Beverly, MA. USA), anti-ERK (#9102, 1 : 1000, Cell 
Signaling), anti-SNAP-25 (sc-7538, 1 ; 500, Santa Cruz Biotech- 
nology, Inc, Santa Cruz, CA, VSA), anti-nitrotyrosine (1 ^g/mL, 
HM12, Biomol. Plymouth Meeting, PA» USA). anti-EPOR (M-20, 
sc-697, Santa Cruz Biotedmology, Santa Cruz, USA and MAB307, 
R&D Systems. Minnei^olis, MN, USA) or anti-actin (A2066, 
1 : 200, Sigma, Stockholm, Sweden) at room temperature for 1 h 
followed by an appropriate peroxidase-labeled, secondary antibody 
for 30 min at room temperature (horse anti-mouse 1 : 2000, horse 
anti-goat 1: 2000, or goat anti-rabbit, 1 : 500, Vector, Buriingame, 
C A, USA). Immunoreactive species were visualized using the Super 
Signal Westem Dura substrate (Pierce, Rockford, IL, USA) and a 
LAS 1000-cooled CCD camera (Fujifilm, Tokyo, Japan). Immuno- 
reactive bands were quantified using the Image Gauge software 
(Fujifilm, Tokyo, Japan). Every sample was quantified 1-3 times on 
different membranes, and the average value was used as n = I. 

Immunohistochemistry 

Antigen recovery was pofoimed by heating the sections in 10 mA 
boiling sodium citrate buffer (pH 6.0) for 10 min. Nonspecific 
binding was blocked for 30 min with 4% horse serum in PBS. Anti- 
MAP2 (ctone HM-2, I : 2000; Sigma) incubated for 1 h at room 
temperature, followed by a biotinylated horse anti-mouse secondary 
antft)ody for I h (I : 200. Vector, Buriingame, CA, USA), 
Endogenous peroxidase activity was blocked with 3% H2O2 for 
5 min. Visualization was performed using Vectastain ABC Elite 
with 0.5 mgMiL 33'-<lianunobenzidine (DAB) enhanced with 
15 mg/mL ammonium nickel sulfate, 2 mg/mL beta-D-gluoose, 
0.4 mg/mL ammonium chloride and 0.01 mg/mL beta-glucose 
oxidase (Sigma). 

Proteomics analysis 

The proteomics analysis was performed at ProteoSys AG (Mainz, 
Germany). Seven-day-old Wistar rats of either sex were injected i.p. 
with vehicle or asialoEPO (80 ng/g body weight) (it = 24 per 
group). Animals were randomized to proteomics analysis or HI. Half 
of the animals (n = 12 per group) were subjected to HI, killed 
5 days later and evaluated by gross morphological scoring to verify 
the protective effect of asialoEPO. The other half of the animals 
(/I = 12 per group) were killed 4 h after the injection and the 
parietal cortex (including the hippocampus) was dissected out on ice 
fcom each hemisphere. snaq> firozen in liquid nitrogen and stored at 
-80°C. Triplkjate samples of the total proteome and the phospho- 
proteome were analyzed. Briefly, the brains from the same group 
(vehicle or asialoEPO) were combined and pulverized under liquid 
nitrogen. For total proteome analysis about 100 mg of ground tissue 
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was homogenized in 1 mL alkylation buffer (0.1 m Tns (pH 8.8), 
2% (SDS). For phosphoproteome enrichment, about I g of ground 
tissue was extracted in extraction buffer (SO mM MOPS (pH 6.8), 
4% Zwittergent 3-12, 2% Triton X-tOO, 5 mM NaF, S mM sodium 
glycerophosphate, 1 mM activated sodium otthovanadate, 5 mn 
Na-EDTA, I x Complete® Protease-Inhibitor) yielding about 
60 mg of protein. Ni-NTA columns were activated by washing 
four times with two bed volumes regeneration buffer (2% Trition X- 
100, 50 mM Tris-HQ (pH 7.4), 0.5 m NaQ. 0.1 m ETDA-Na4). 
followed by eig)it bed vohunes MilliQ water and four bed volumes 
of activation buffer (100 mM FeCb). After activation tiie cohmm 
was washed with eight bed vohmies MilliQ water and eight bed 
vohimes binding buffer (50 mM bis-(hydioxyethyl)piperazine 
(pH 3.4), 4% zwittergent 3-10, 2% Triton X-100). Protein solutions 
afler DNA removal were submitted to a gel filtration column (NAP- 
10 or NAP-25) to exchange the buffer against the binding buffer 
[50 mM bis-(hydn)xyetiiyl)piperazine (pH 3.4), 4% Zwittergent 3- 
10, 2% Triton X-100]. The extract was subsequently loaded onto an 
activated Pe-NTA-Agarose column (maximum 2 mg per 0.S mL 
settled bed volume). The column was then washed three times with 
two bed volumes of binding buffer and eluted with two bed volumes 
ehition buffer (50 mM bis-(hydroxyethyl)piperazine (pH 3,4), 4% 
Zwittergent 3-10. 2% Triton X-100, 50 mM NaH2P04). Flow 
through, wash and elution fractions were collected. The eluatc was 
TCA-precipitated, the pellet appropriately washed and recovered in 
alkylation buffer (0.1 m Tris (pH 8.8), 2% (SDS). Alkylation and 
sample treatment were perfonned exactly as described (Vuong el aL 
2000; CahiU era/. 2003). 

The differential and quantitative protein expression analysis was 
performed using the ProteoTope method (Cahill et al 2003) which 
is based on radioiodination, 2D-PAGE and high sensitivity radio- 
imaging. In brief, small amounts of each san^le were labeled with 
and for differential pattern control. The signals from these 
two isotopes were distinguished in one 2D-PAGE gel to generate a 
quantitative multicolor differential display of proteins. A direct 
comparison of integrated spot intensities for the samples run on one 
gel was used for further analysis. In parallel, silver-stained gels were 
produced for spot picking and protein identification and for 
complementaxy quantification. In general, a spot was selected for 
further analysis if the r-test probability was higher than 95% and the 
e^qnession ratio higher than 1 JS. At tiiat point the image quality was 
checked to assure tiiat the spot was consistently detected on all 
anages. Protein identification was based on different mass spectr- 
ometric methods. Briefly, gel plugs of selected protein spots were 
excised and the proteins contained in the gel plugs digested using 
trypsin. The resulting solution was analyzed first with a high 
throughput peptide mass fingerprint procedure based on MALDI- 
TOF-MS. For those spots where no unambiguous identification was 
achieved a fragment ion analysis based on LC-ESI-IonTrap-MS/MS 
was added (Cahill et al 2003). For the identification of die proteins 
the peptide masses extracted firom the mass spectra were searched 
against the NCBI non-redundant protein database (http7/ 
www.ncbi.nbn.nih.gov) using MASCOT software version 1.9 
(Matrix Science, London). 

Statistics 

ANOVA followed by Fischer's PLSD post hoc test was used for 
comparing the results firom infarct volume measurements, gross 



morphology score, neuropathology score, CAl neuron counting, 
and p-ERK and SNAP 25 inununoblot quantification. Single Imear 
regression analysis was used for the comparison of gross moipho^ 
ogy score, in&rct volume measurement, total tissue loss and 
neuropathology score. Unpaired Mest was used to assess statistical 
significance of the differences between the spot intensities on 
control and sample gel in proteomics analysis. 



Results 

Evaluation of brain damage 

Brain damage was evaluated using tiiree independent methods, 
infarct volume measurement, neuropathology score and gross 
morphology score. The total infiarct volume (mean ± SEM) in 
the ipsilateral hemisphere in vehicle-treated rats was 
31.5 ± 6.3 mm^ (/i = 24), 15.0 ± 2.9 mm^ in EPO-treated 
rats (« = 24) (51.7% reduction, p = 0.0146), and 
13.5 ± 4.1 mra^ in asialoEPO-treated rats {n = 23) (54.7% 
reduction, p — 0.0085) (Fig. la,b). There was considerable 
variation in different brain regions. The changes were most 
pronounced in the cortex (53.7% reduction in EPO-treated 
animals and 56.2% in asialoEPO-treated animals, p = 0.0136 
and 0.0083, respectively) and least in thalamus (14.9% in 
EPO-treated animals and 28.6% in asialoEPO-treated animals, 
non-significant) (Fig. 1 c). The protective effect was confirmed 
using gross morphology scoring (Fig. 2a) and neuropathology 
score (Table 1). Interestingly, when the drugs were adminis- 
tered twice, at 24 h and 4 h prior to the insult (5 U/g or 40 ng/g 
each, i.e. the same total dose of 10 U/g or 80 ng/g), no 
protection was observed as judged by gross moiphology score 
(Fig. 2b). The presence or absence of human serum albumin in 
the vehicle did not make any difference in this respect (data not 
shown). 

In histological sections, die CAl region of vehicle-treated 
rats displayed a marked decline in viable neurons when 
compared with the CAl of EPO- or asialoEPO-treated rats 
(Fig. 3a). The number of neurons per visual field per section 
in the CAl was 19 ± 3 (mean ± SEM) in vehicle-treated rats 
compared to 25 ± 2 in EPO-treated and 30 ± 3 for asialo- 
EPO-tzeated rats, i.e. a 50% increase in the asialoEPO-treated 
animals,;? = 0.0036 (Fig. 3b). 

Pharmacokinetics 

As neonatal animals may differ significantly from adult 
rodents we repeated pharmacokinetic studies for the relevant 
time span. The plasma concentration profiles of EPO and 
asialoEPO during the first four hours after an i.p. injection 
were strikingly similar to those observed in adults (Eibay- 
raktar aL 2003) (Fig. 4). Basal EPO concentrations were < 
1 pM, i.e. below the detection limit After injection, the 
plasma EPO concentrations increased firom 50 to 90 pM at 
4-10 min to values of about 2000 pM after 60-240 min. 



© 2004 International Society for Neuiochemistiy, /. Neun>chenu (2004) 91, 900-910 



904 X.Vfan$etaL 



VEH 



EPO 



asialoEPO 




VEH 



ePO aslaloEPO 



a VEH 

■ EPO 

■ uttloEPO 



(c) 




Hipp 



Fig. 1 Infarct volumes after EPO and asialoEPO treatment The 
Infarct volumes (MAP2-negative volumes) were quantified 5 days 
post-Hi. (a) Representative pictures of MAP2 staining from animals 
treated with veiiicle (VEH), erytliropoletin (EPO) or asialoerythro- 
poletin (asialoEPO). (b) The average total infarct volume ± SEM is 
indicated for the vehicle- (n = 24), EPO- (n = 24) and asialoEPO- 
treated (n = 23) animals, (c) The regional differences are depicted, 
showing the average infarct volumes ± SEM in the cortex (CX). 
hippocampus (Hipp), striatum (Stri) and thalamus (Tha). *p< 0.05, 
**p < 0.01, using anova and Fischer's post hoc test. 
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Fig. 2 Assessment of brain injury using gross morphology score after 
EPO and asialoEPO treatment. Gross morphology scoring was per- 
formed 5 days post-Hi. (a) Treatment with vehicle (VEH) {n = 24), 
EPO (n = 24), and asialoEPO (n = 23) once 4 h prior to HI. Dose; 
80 ng/g kXKty weight for EPO and asialoEPO. (b) Treatment with 
vehicle (VEH) (r? = 31). EPO (n = 29) and asialoEPO {n = 32) twice 
at 24 and 4 h prior to HI. Dose: 40 ng/g t>ody weight per injection for 
EPO and asialoEPO. ••p<0.01. ***p<O.QQ^, using anova and 
Fischer's post hoc test 

Also asialoEPO was above the detection limit already after 
4 min, rose to a plateau of about 50 pM between 10 and 
60 min and dropped below the detection limit at 4 h (Fig. 4), 
the time point when HI was performed. Thus, effects of 



Table 1 Assessment of brain injuiy using neuropathology score after 
EPO and asialoEPO treatment 



Brain regtons VEH 



EPO 



AsialoEPO p 



Cortex Z70±1.08 1.68 ±0.95 0.075 1.73 ±a68 0.001 

Hippocampus 3.74 ±1.52 2.89 ±1.12 0.032 2.79 ±0.84 0.011 

Striatum 3.55 ±1.37 2.44 ± 0.75 0.001 2.46 ± 0.92 0.002 

Thalamus 2.99 ±1.32 2.27 ± 0.53 0.016 1.93 ± 1.13 0.005 

Total score 12.99 ± 4.89 9.48 ±2.69 0.003 8.91 ± 3.10 0.001 

Neuropathology scores for the different brain regions IrKHcated, as weB 
as the total score, in animals treated with vehicle (VEi^ (n = 23), EPO 
(/} = 24) or asialoEPO (n = 24). 
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Hg. 3 Neuronal loss in the CA1. (a) Representative MAP2 stainings 
of the CA1 area 5 days after the insult In control animals not subjected 
to HI (control) and animals treated with vehicle (VEH), erythropoietin 
(EPO). or asialoerythropoietin (asialoEPO). The black or dark MAP2 
staining is apparent in the cytosol of CA1 neurons, whereas the nuclei 
rennain unstained and virtuaDy white, (b) The average total number of 
neurons in the CA1 ± SEM in the contralateral and ipsllateral hemi- 
spheres in the three groups. *p < 0.05, **p < 0.01, using amcva and 
Rscher's posf hoc test 

asialoEPO cannot be attributed to the opening of the blood- 
brain barrier during HI, and any signal observed at 4 h in 
brain was likely triggered earlier by asialoEPO and memor- 
ized. The ventricular system in neonatal rat brains is too 
small to allow sampling of cerebrospinal fluid, so we 
attempted analyzing brain tissue extracts at the same time 
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Fig. 4 The plasma ooncentrations of EPO and aslaloEPO after a 
single injection. EPO or aslaloEPO were injected i.p. at a dose of 
80 ng^g. The concentrations in blood plasma were measured over a 
44i period, sampled from three animals per data point Data are dis- 
played as means ± SD. 

points as the plasma measurements. The results merely 
reflected the plasma concentrations, but at a much lower 
level, in the case of asialoEPO even close to detection level 
because of different inununoreactivity (data not shown). This 
makes major accumulation of EPO or asialoEPO in tiie brain 
unlikely. 

Proteomics analysis 

We compared total protein extracts from asialoEPO-treated 
versus vehicle-tteated cortices 4 h after injection, the time point 
when HI would have been induced. Based on our selection 
criteria of a significant (p < 0.05) up-regulation of > 50%, 
three differential protein spots were identified on 2D-gel 
patterns. However, these proteins could not be identified by 
mass spectrometry. One identified protein, NADH dehydrog- 
enase (ubiquinone) Fe-S protein 1, was significantly down- 
regulated. Other proteins remained entirely unaffected. Phos- 
phoprotein enrichment focuses the molecular analysis on a 
frmctionally important negatively charged subset of approxi- 
mately 15% of total proteins. Quantification by radioactive 
differential display revealed one significantly up-regulated 
protein when comparing samples from animals treated with 
asialoEPO versus control. The protein, later identified by 
MALDI-MS as synaptosome-associated protein of 25 kDa 
(SNAP-25), was low abundant in the phosphoproteome, but 
was identified both in silver stained (Fig. 5) and in radioactive 
quantitative gels (p < 0.01). SNAP-25 displayed a 50-^0% 
up-regulation using either method. Three further protein spots 
were significantiy increased, but could not be identified. The 
bulk of other proteins remained unaffected. 

We used immimoblotting to check for SNAP-25 
up-regulation, but we were not able to detect changes in 
the overall levels of SNAP-25. Animals treated with EPO or 
asialoEPO alone (no HI) did not display significant 
differences in die levels of SNAP-25 4 h after the injection, 
neither in homogenates, nor in a synaptosomal fraction 
(where SNAP-25 would conceivably be enriched; data not 
shown). Animals treated with asialoEPO and 4 h later 
subjected to HI did not display significant differences in 
tiie levels of SNAP-25 3 or 24 h (not shown) after the insult 



SNAP-25 was up-regulated in the phosphoproteome, not in 
the total proteome, but tiiere was no antit)ody available 
specific for phosphoiylated SNAP-25. This presumably 
explains the negative Western blotting data. 

Signal transduction mechanisms 

A number of signal transduction proteins previously implied 
in EPO signaling were investigated using immunoblotting 
and immunohistochemistry. The levels of phosphorylated 
Akt (p-AKT), extracellular signal-related kinase (p-ERK), 
GSK-3 beta (p-GSK-3 beta), nitrotyrosine, as well as X- 
linked inhibitor of apoptosis protein (XIAP) and EPO 
receptor (EPOR) were measured using immunoblotting 4 h 
aftor EPO or asialoEPO treatment alone (no HI), tiie time 
point when HI would have been induced. None of these 
proteins were found to be differentially regulated after 
treatment (data not shown). However, when asialoEPO 
treatment was combined witii HI, a significant difference 
could be detected in tiie levels of p-ERK (Fig. 6). As 
described eariier, the levels of p-ERK increased after HI 
(Wang et al 2003), but in the asialoEPO-treated animals this 
increase was significantly reduced by more than 30% when 
measured 3 h after HI (7 h after treatment), compared with 
vehicle-treated rats (Fig. 6). The tendency was the same for 
the basal levels of p-ERK (without HI), but the difference 
was not significant (Fig. 6). Total ERK (Fig. 6), as well as 
the other signal transduction proteins investigated, p-AKT, 
p-GSK-3 beta, nitrotyrosine, XIAP and EPOR, were not 
differentially regulated after asialoEPO combined with HI 
using western blotting and/or immunohistochemistry (data 
not shown). 



Discussion 

Tissue protection 

Neuroprotection using different EPO treatment regimes has 
been demonstrated in both the adiilt (Sadamoto et al. 1998; 
Bemaudin et al 1999; Brines et al 2000; Siren et al 2001; 
Wen et al 2002; Eibayraktar al 2003) and neonatal (Aydin 
et al 2003; Kumral et al 2003; Matsushita et al 2003; Sun 
etal 2004) brain. We found that both EPO and the 
nonetythropoietic asialoEPO provided neuroprotection in a 
model of neonatal HI when administered as a single, i.p. 
injection 4 h prior to HI. The protection was confirmed using 
three independent methods of brain damage assessment This 
is the first report demonstrating that the nonetythropoietic 
asialoEPO protects against neonatal HI brain damage. The 
dosage and timing appear to be critical when using EPO and 
its derivatives. Even though significant protection was 
observed using 80 ng/g asialoEPO or using 10 U/g EPO 
(yielding 40 times higher plasma concentrations than asialo- 
EPO) 4 h prior to HI, the same total dose of EPO or asialoEPO 
(10 U/g or 80 ng/g) was ineffective when administered using 
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Rg. 5 Identification and dfferentiaJ regula- 
tion of SNAP-25 in the phosphoproteome 
after aslaloEPO administration. Silver 
stained gels showing the SNAP-25 spots. 
These six figures show tripiicate silver 
stained geis from vehicle- (VEH) and asl- 
aloEPO- (aEPO) treated animals, with de- 
tailed views of the SNAP-25 protein spot 
(arrow). TTie spot was sut>sequently Identi- 
fied using MAU)I. 



two injections at 24 h and 4 h prior to HI (5 U/g or 40 ng/g on 
each occasion). This was repeated twice, using two different 
types of vehicle (with or without human senim albumin), but 
the results were identical (data not shown). This was probably 
not due to an insufficient dose, because 5 U/g is a commonly 
used dose in other paradigms, including neonatal HI (Mats- 
ushita et al 2003). It is conceivable that the 24-h pretreatment 
in our model may have down-regulated Ae EPO receptor or 
other effector mechanisms so that the effect of die second 
dose was diminished. 

When systematically comparing the three independent 
methods of assessing brain damage, infarct vohime meas- 
urement (and the related total tissue loss), gross morphology 
score, and neuropathological score using simple linear 
regression analysis, there was a significant positive linear 
correlation between all these three (or four) evaluation 
methods (Fig, 7). This strongly suggests that gross morphol- 
ogy score, which is the simplest and quickest way to assess 
brain injuiy, can be used at least for the initial evaluation of 
possible protective effects. 

Pharmacokinetics 

The rapid clearance of asialoEPO from the circulation is the 
reason why it does not affect die erytfuropoiesis (Eibayraktar 
et aL 2003). Even though asialoEPO was no longer detect- 
able in plasma at tfie onset of HI, it still provided the same, or 
an even better (in the case of CAl neuronal counts) degree of 
protection. This indicates that the protective mechanisms 
were activated and remained for a period of time, similar to 
the concept of preconditioning. Also, it has been demonstra- 
ted that even a short-lasting exposure (5 min) to EPO was 
sufficient to increase the resistance of neurons to glutamate 
toxicity in vitro (Morishita et al. 1997). In clinical settings, it 
may be an advantage that asialoEPO does not stimulate die 
eiythropoiesis, paiticulariy in a situation where multiple 



dosing is reqxiired. An increased number of red blood cells 
may aggravate brain injury (Wiessner etaL 2001) or 
stimulate the formation of hyperactive platelets (Wolf et al, 
1997a) and predispose to thrombosis (Wolf et al 1997b), 
effects to be avoided when treating an asphyxiated in&nt or a 
stroke patient 

Proteomics 

A proteomics q)proach was undertaken to detect differen- 
tially regulated proteins in the total proteome as well as the 
phosphoproteome of the cerebral cortex 4 h after a single 
injection of asialoEPO. There were three significantiy 
increased protein spots matching the selection criteria in 
the total proteome and four in the phosphoproteome, but only 
one of these could be identified, SNAP-2S in the phospho- 
proteome. In genoal, the concentration changes detected 
were subtie and most proteins remained unaffected. It is 
possible that the changes observed were dihited by imrelated 
cell populations or compartments. SNAP-25 was quite low 
abundant in the phosphoproteome, but was consistentiy 
up-regulated as judged by two independent metiiods, silver 
stain and ProteoTope gels. SNAP-25 is a neuronal, soluble 
A^^thyhnaleimide-sensitive &ctor attachment protein recep- 
tor (SNARE) syntaxin involved in vesicle trafficking. It 
belongs to a family of evolutionarily conserved proteins 
whose members are essential for exocytosis and has been 
exclusively detected in neuronal tissues (Bark et al 1995). It 
has been reported tfiat SNAP-23, an isoform of SNAP-25, 
was induced 2 h after stimulation by various cytokines, 
including EPO, in the erytiiroid cell line SKT6 (Morikawa 
et al 1998). The functional role of SNAP-25 in asialoEPO- 
mediated neuroprotection, if any, might be related to synaptic 
transmission. The results from the phosphoproteome could 
not be confirmed on immunoblots, neidier following EPO or 
asialoEPO treatment alone, nor after asialoEPO followed by 
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Rg. 6 The immunoreactivrty of activated ERK was decreased in as^ 
aloEPO-treated animals after liypoxiaHSchemia. All rats were injected 
i.p. with either aslaloEPO (aEPO) or vehicte 4 h betom HI and kDled 
3 h after the insult Rats not subjected to HI were kiDed at the same 
time. l.e. 7 h after the Injection. The upper panel shows representative 
immunoblots of phosphoiylated ERK (p-ERK), total ERK (ERK) and 
actin (as a control for equal loading), demonstrating low levels of 
p-ERK in control animals, and a substantial increase of p-ERK 
immunoreactivity In the ipsilateral hemisphere 3 h after HI, less pro- 
nounced after aslaloEPO treatment The lower panel shows the 
average (>*ERK Immunoreactivity ± SEM after densitometric quantifi- 
cation of individual samples (n = 6 In each group). *p < 0.05 using 
Student's Mest 



HI and evaluated either 3 or 24 h after the insult. The reason 
for this is probably that the antibody used detected total 
SNAP-25, while the phosphoproteome analysis detected 
changes in the phosphoiylated foim of SNAP-25, or that 
multiple isofonns exist To elucidate this, a phospho>specific 
antibody against SNAP-25 would be required. A recent study 
showed that PKA-induced phosphorylation of SNAP-25 
regulated the size of the releasable vesicle i)ool (Nagy et al 
2004). 

Signaling mechanisms 

Several mechanisms mediating the protective effects of EPO 
have been suggested: decreased ghitamate toxici^ (Morishita 
et al, 1997; Kawakami et al. 2001); neuronal anti-apoptotic 
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Rg. 7 Correlation between different methods for assessment of brain 
damage. Simple Gnear regression analysis showed that the gross 
morphology score, neuropathology score, infarct volume and total 
tissue loss all show a positive, significant oonetatlon. (a) Correlation 
between the gross morphology score and neuropathology score (total 
score), ff = 0.776. (b) Correlation between the gross morphology 
score and total tissue loss, R2 = 0.642. (c) Correlation between the 
total tissue loss and neuropathology score, ff = 0.704. (d) Correla- 
tion between the total infarct volume and total tissue loss, = 0.686. 
The p-value was < 0.0001 in aH four analyses. 

mechanisms (Juul et ai 1998; Renzi et al. 2002); reduced 
inflammation (Brines et al. 2000); up-regulation of HSP-27 
(Sun et al. 2004); decreased nitric oxide-mediated injuiy 
(Digicaylioglu and Lipton 2001); direct antioxidant effects 
and indirect efiTects on endothelial cell growth (Hayashi et aL 
1998). (For current reviews, sec Juul 2000; Marti et al. 2000; 
Buemi et al. 2002; Chong et al 2002). An interesting feature 
of EPO signaling is that it may act as a preconditioning 
factor, i.e. change a ceirs sensitivity towards injury without 
being continuously present. This is difiicvilt to examine using 
a molecule with a half-life of several hours, but such 
experimental designs are possible using asialoEPO, which 
has a half-life of merely a few minutes in plasma. Even 
though p-AKT, p-GSK-3 beta, p-ERK, NO signaling, XIAP 
and EPOR have all been implicated in the signal transduction 
mechanisms mediating EPO protection, we were unable to 
detect any changes in the levels of these proteins (or NO- 
mediated formation of nitrotyrosine) using immunoblotting 
or immunohistochemistiy 4 h after a single injection. This 
may indicate that they are not involved in this paradigm; 
alternatively the changes may have been too small to be 
detected using immunoblotting of samples from the entire 
cortex, or the protective mechanisms do not require changes 
in the total levels to be effective. It is possible that the 
priming effects of an insult, such as hypoxia or HI, are 
required for the mechanisms to be activated. This is 
supported by studies where hypoxia-induced EPOR expres- 
sion in cultured neuronal cells (Chin et al 2000; Yu et al 
2002). When we combined asialoEPO treatment with HI, we 
did find significantly decreased levels of p-ERK 3 h post 
insult, but no effects on p-AKT, p-GSK-3 beta, XIAP, 
nitrotyrosine or EPOR at 3 or 24 h after HI. Previous studies 
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have described an increase in EPOR expression upon EPO 
treatment (Ruscher etai 2002; Sun etaL 2004), and 
asialoEPO has been shown to bind to EPOR with a similar 
affinity as EPO (Erbayraktar et al. 2003), but we were unable 
to find any changes of EPOR under any conditions. Sun 
et aL (2004) found enhanced EPOR expression 24, 72 h and 
7 days after (repeated) EPO treatment, while we sampled 
brain tissue 4 h after the treatment, when HI would have been 
induced. 

The effect on p-£RK is consistent with our previous 
findings, where p-ERK was detected in injured neurons for 
at least 8 h after HI, as judged by double labeling with 
markers of injury (Wang et aL 2003). Involvement of ERK 
in EPO-mediated signaling has also been demonstrated by 
others (Shan etaL 1999; Siren et al. 2001; Mori etaL 
2003). Surprisingly, we did not find any effect on the levels 
of caspase-3-, -8- or -9-like activity, measured using 
fluorogenic peptide substrates 24 h after the insult (data 
not shown), the time point when caspase activities peak in 
this model (Blomgren etaL 2001; Wang etaL 2001; Zhu 
et aL 2003), despite the fact that we observed tissue 
protection. We expected the extent of tissue damage and 
caspase activity to show a positive correlation, regardless of 
whether there is a causal or indirect relation between them. 
Possibly, non-caspase-dependent types of cell death (Leist 
and Jaattela 2001) may play a nuyor role in this model (Zhu 
et aL 2003), and EPO might affect tissue protection more 
via these pathways than through direct caspase inhibition. 
Another issue related to insult priming is the permeability 
of the blood-brain barrier (BBB) to EPO and asialoEPO. 
On the one hand there are reports showing that EPO 
administered to preterm and term infants (Juul et aL 1997) 
or normal neonatal rats (Dame et aL 2001) did not lead to 
elevated levels in the CSF in the absence of brain injury. 
On the other hand there are reports showing that a single 
EPO dose of 5 U/g i.p. did lead to increased concentrations 
in the CSF in adult rodents (Brines 2002) as well as in 
neonatal sheep, non-human primates (Juul et aL 2004), and 
humans (Ehrenreich etaL 2004). Furthermore, tissue sec- 
tions obtained 4 h after i.v. administration of radio-iodinat- 
ed asialoEPO displayed labeling in hippocampal and 
cortical neurons, cells which also express EPOR in the 
normal adult rat brain (Erbayraktar et aL 2003). Further- 
more, the fact that we find tissue protection after asialoEPO 
treatment, which is no longer present at time points when 
the BBB may be opened by the HI damage, supports the 
hypothesis that EPO protection is mediated through a 
priming mechanism and that it may pass tfie BBB without 
prior permeabilization. 

In summary, EPO and the nonerythropoietic asialoEPO 
both provided significant neuroprotection when administered 
4 h prior to hypoxia-ischemia in 7-dayH)ld rats. The 
protective effect might be related to a reduction of ERK 
activation and SNAP-25 up-regulation. Further work is 



needed to fiirther elucidate the signaling mechanisms and die 
Optimal treatment regimes, but it is clear that these drugs, 
particularly asialoEPO, may provide powerfiil and safe tools 
in the management of asphyxiated neonates to treat and 
prevent brain injury. 
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Biotinylated Recombinaat Human Eiy thrvpoietlns: Bioactivity and 
Utility as Receptor Ligand 

By Don Ml WbjchawaW and Uurie Casteke^ - 



R^co mblMnt h uman Tythropottin tabfl«d eovstoirtly with 
" blotin «t tiaBc sdifffncstotlM hat bain pr*piM« and hat 
shciwa to possMs high biotook»l acthdty plua utlDty 
aa a racaptor figaiMi bOtiaUy, tha aflacta. on biologicai 
activity of oovalamly attaching Uotln to arythrofiolatto 
•harriativaly at earboxylata. amino, or alalie acM grovps 
wara comparad. Biothiylatlon of arythropolatin at earbox- 
ylata groupa uaing biotin-aflRidocaproyI- hydmida - plua 
1-athyl«3-dimathylaminopropyl) carbodUmida lod to aub- 
atantial biological bioctl*ation, altbouo'' ^totlnyiatod mol^ 
eidaa ratslnad dataetabia activity whan praparad at low 
atolchiomatriaa. Blotinytetlon at amino groups uaing wHo- 
auoctnimidyl 6-ftriotlnonjido) h«tanoata raauHad in a high 
loval of biological Inocthration with littla. if aiiy, ratantlon of 
. biological acthilty. ragardlaaa of labalino atoichlomatHaa. 
Biotinytation at aiaOc add moiatias using pariodm Wid 
blotlnarnldocaproyl hydraxida procaadad afflclantly 
( > 85% and 80% laboling afB ci awc la a for human urinary 

THE PRODUCTION of erythrxKytes in maoimals and in 
birds mioires the expoune of committod progenitor 
ceils to the giycoprotdh growth factor. <fythropoi<ptin.' Spe- 
cifically, erythropoietin promotes tbe rapid growth of cry-- 
throid progenitors hi marrow,* splecn,*^d fetal Ihrer/ and is 
ess^tial for their subscqaeot terminal differentiation to 
circulathig red cells,* Thus, the ihlcractfon between erythio- 
^etin and its cell surfaoe ttcepior compriaea a phrdtal event 
in erythropneaa. A recent advance toward understanding 
the nature of this inte^ction is given by tbe isolation of the 
human iryt6f5ux>!aia gene^ and cDNA^ phis tbe expres- 
sion and punficalipn of active, rcioombinant factor' in oar 
laboratory, and others.^** In an effort to provide a biologi- 
cally: and chemically stoUe labeled Ugaod for reoeptor stud- 
ies, we imoitiy have pr ep a red leoomUnant human ciytbnK 
pd^ns biotinylated alternatively at caralMurid. amfaio, Bfid 
sialic add groups. Among these HAlinlated adduces, biothi- 
(sialyl)-erythropoietin is shown to pdssess b^ biological 
activity. Farther, the utiUty of this bioectWe, biotinylated 
ligand m the assay of cfytbropdetfai receptors on specified' 
murine erythroleukaniia ceil lines is establiahcd. 
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and racomblnant arytfvopoiotin. raspocthraly) and yfaldad 
stably biotinylatad arythropoMn moloeulas possoaabig 
comparably Mgh bh|logical activity (la, 4S« of tha activity 
of unmodHM hormonal. UtSBty off racomb faan t bietm- 
(alalyll-arytiwopolatin (In combination witfi ^'Vatraptavl- 
dinl In tha asaay of caO aurfaca racoptora waa domon- 
atratad uaing two dlatinet murino aryt^rol^ukamia call 
linoa. Friand 745 and Rouachar Bad 1. Tha danaKiaa and 
offinitias of spocifio hormono bimflng altaa wore 116 ± 4 
ahaa, 3^ ± nmol/l. kd and 164 ± 5 altas* 2.7 ± 0^ 
nmol/L kd. raapMrthroly. It la pradictod that tha praaant 
dovolopmont of biotfaMaiaiyO-arythropolatbi aa a chaml- 
cany and biologlcaay ataWa, bioocthia ligand w« a aaiat hi 
advancing an undaraundihg off tha ragulatad axpraatfon 
•nd phyaieoohantiatry off tha human and murbio arytftvo- 
poMn racoptora. 
a f flB9 fey OruM A Strvtforv Aia 



MATERIALS AND MetHOOS 
themicais, Cheniicali used to Uw present oiperimeots were 
obtaioed from Ibc fdlcwing sonrees: biodnamldocaproyi bydnsade^- 
Calbiocbem: d-WoUn. lulfojucciniaiidyt 6-<biotliiainido) hexanpate, 
perooudMe-Ubded strcptavidio, fetttia, and atialofetafai (Sigma, St 
" Louis); iodhim meu-perk>date_>pd aofium cyanoborobydride 
(Bolcer Chemicab. fnuUtpsbmSNJ); hnibobiHx^ 
l-ethyWH3HiiincUiyUmiDopf^ carbodibnide (Pieroe CbemS* 
cel. Rockford. It):: '^IritieptaWdhi (30 ifCiM (Amenham, 
ArlinglonHdgbta,IL). '* 

Ckl/j: Frkad mnriiM efythroieukemia odb'^ (ATCC. c|oae 
745} aad Rauscber OMirine crytbroletikemia cells'^ (dooa Bled 1, Dr 
Nic30 DeBoth. Erasmos University) were maiqUined at 37TC, 7^% 
CDs in Dttlbeooo*! modified Eagle's mddBm (DMEKf) soppla- 
I with 10% ^ calfseroni phis I x 10'* rool/t 2HBJ«rcapto- 
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Biotittylation "of erythropaUtltC Bbtnylatkn at^ carboiylate 
groups was aooosnplished by iscubating r wwnbin a nl bamaa erytb- 
lepofeda (10,000 U/mL, SOJWO U/mg> fa 20 maial/L pyridbe-. 
• HO, pH 41, far 12 boon tt with l-ctbyl-Hi-dtaetiiylaml- 
Boprcfyl) caibodSnude at 0, Oj05. OJU. and 1.25 mg/mL, ploa 
biotiiumido-capff^ bydrazide at 10 mg/mL. Biotioylated rcaoUos : 
products wetv isolated by eUlAustive dialysis agaiost phosphate 
buffered saline (PBS), 0il2% Twcea-.20^ BioOnylatioo of erythio- 
poietifl al amino groups was aeooo^illshed by inoibating bomope 
for 30 minutes at 37^ in SO mmoi/L sodhun borate pH tSt with 
solfouociainudyl 6-(bkitln-Amido) bfttinoife at 0, OAS, (U3; aad 
1 ^5 ng/mL. FoOowiog tbe additkm of flyeiiiB (100-fold, molar 
eioett), ffcaedoa products were novmd by dialyiis aa sbovc. 
Baoilivfalioa of human erinary eiytbrapaletbi (10,000 U/mL. 
10,000 y/mg) and haman recomhinaBt erythropoietio (40,000 
U/mU 130^ U/mgJ at sialic aeid moieties was aceompllibed by 
fantlally iocubatiiig honnoae at.OHS fai. I2J mmd/L sodk&m mat»:- 
periodata. 0.1 mol/L Naa 0.1 md/L swfium aceute, pH 51, for 
varying mtervals. FoUowing dialysis agdost 80 mmol^ Na^lF04, 
20 mmol/L NaH,P04, pH 73. al OC. oddiied hormone Uien was 
faicobaied for 120 minntcs at 37«C wiUi bkniaaaiklocaproyl bydia- 
xide at 10 mg/mL, 20 mnol/L NaCNBH), aad subsaqaeatly 
dialyad exhaustively againt PBS, au02% Tweeo-aO at 4>CIn ctdt 
iosunoe, that portioB of arythicpQietfai mdkeales wUA waa Uotiny- 
tated and, faiaddidoB.ieiafaiedbonnanal activity was cstfanated by 



atac< Vol 74. Ho 3 |Ai«wt 16),. 1889: pp 862-066 



ATTORNEY DOCKET NUMBER:10165W?-999 
SERIAL NUMBER: 09/718,829 
REFERENCE: FS 



C00024610 



BJOmNVlATEO ERVTHROPOCTHS 



iocttbsuBf products (25 aliqnots) En (be preseoise of PBS, 0.1% 
borine scnun ftlbumin (BSA), 0.02% T«ees-20 ( 100 ^L) with 30 pL 
of stxcptsvidio agaioM far two houis at 37*C and cubjecting gei' 
fupernatants (le, nnadsorbed bonnooe) to btdogiGBl assay (see 
bdow). As a control, products also were incaliatfid in paraOd with 
gliquoa of streptavidin agaraw. wbicfa previously had been ioeo* 
bated with soluble biodn at 0l2S mg/oiL for ooe boor at 37^, 
iUftctioa product! also were tnl^ecied to bloassay direct^. 

Binditti mlyus. Analyacs of the binfing of biotia-(8lslyl)- 
crytbropoietintbvariottSceIllhie8 (l x lO' cells per assay at 2 x lO* 
cdU/mt) were performed fai PBS, 0.1% BSA, at 4*C. Infonnatloa 
regarding the incubatioa intervals and ooncentradoas of hormone 
mod b provided below. Levels of noDspedfic binding were assessed 
by cosDcnbatton with a 50-fold mdar exeess of purified, unsiodified 
Koombtnant crythropcriettn. Bound biotiA-(aialyl>-«rytbropoietia 
was detected using *^«strepuvidin. Briefly, (bOowing {ncnbation 
with bonnooe. cdls were washed in ice-cold PBS, 0.t% BSA, and 
vcxe incubtted a 4<<: for' 15 minutes with 2O0j00O cpm of *^ 
streptavidin. Cefis then were again rapidly wadied at 0^ and 
subjected to gamma n£atiQn ooupting. Equilibrium bin£ag data 
.were analyad by iterative nonlinear regression using Feldniah's 
fflodd'^ and the kast squares method of Marquardt." 

Biohfleal assay erythropbUtin. Erythropoietic actMties of 
various erythropoietin preparations and reaction, products were 
usaycA essentially as described by KrystaL' Although the specificity 
of thb assay for -erythropoietin previous^ has been estabBsbed,""' 
specificity was cosfirmed further by experimeatt in which antiserum 
to purified human recombinant erythropoietin was shown to seotral ~ 
cze the Uoactiviiy of tbo above preparatioM: 
• EUcin^honsIs, Sodhim dodccyi sulfate poiyscrylaooide gd 
electraphorais. was performed under nonredudug coaditians b 
115% separation gels.* Western blot analyMt were perfeoned ar 
described by Towbinetal.** ^ 

RESlA,iDS 

reparation end assessment of the biologic activities of 
blotinylated erythropoietins. In wiUal experimatts. the 
effect on hormonal activity of oovalently attaching biotin to 
erythropoietin at three chenucalty distinct sites was assessed. 
SpedficaUy, {a) l-«thyl-3-(3-diinethylaininopfopyl) carhb- 
diimide plus biotinamidocaproyi bydrozide, (5) sulfoauonn- 
imidyl 6-(biotinamido)hexanoate, and (c) periodate' plus 
biotinamiiocaproyr hydraade were used to biotinylato 
erythropoietin at carboxylate groups, amino groups, and 
sialic add moieties, respectively. In each iiistance, the follow- 
ing experimental deagn was used to assess the extent of 
hormonal inactivation incurred upon modification. First, 
each distinct biotin^thfopoietin adduct was .prepar^.at_ 
varying stoichiometries of labeling and the total biological 
activity of each reaction product was determined dircctly.^.^ 
Subsequently, that portion of total biologieal activity asso- 
ciated with biotiHylated erythropoietin molecules was esti- 
mated by incubating altqiiots of each reaction product with 
strepUvidin agarose in order to allow for the selective 
adsorption (ie, removal) of biotinylated product. The resid- 
ual quantity of any unlabeled, imadsorbed erythropmetin 
molecules contained in streptavidin agarose ge) supeiroatants 
then was quantified by bioassay. As a oontrol, equivalent 
aliquots of various reaction products were incubated in 
parallel with streptavidin agarose which had been pre- 
incubated with d-biotin, and the resulting gel svpematants 



Were subjected to bioassay. Thus, by comparing the activities 
of control v selectively adsorbed preparatioos, the portioo of 
total bioactivity possessed by biotinylatod erythropoictiii 
molecules was determined. 

Use of carbodiixnide plus btotiimnudocaproyl bydrazide to 
biotinylate erythropoietin at carboxylate groups resulted in- 
substantial hormonal inactivation. Specifically, based an the 
estimated relative ooncentratioas of various reaction prod- 
ucts required to dUdt a 50% maximal biological response Qe, 
erythiopotetin-dependent inoorporatioo of ['H]thymidiiie 
into eiythrmd splenocytes), losses in activity approxi- 
matdy 52%, 92%i and >9S% resulted from the use of 
carbodumide at concentrations of 150, 750, and 3,750-fold 
molar exoen, rcspoctivdy (Fig la). Further, it was shown 
that biotinylated erythropoietin molecules derived only firom 
the use of carbodiimide at a 750-fold molar excess retained 
measurable bioadivity. As described above, this was estab- 
lished by bioassay following the selective adsorption of 
biotinylated hormone molecules to streptavidin agarose (Fig 
: lb; closed. symlx^, activity tif gel supernatants) v controls 
(open symbols, activity^f «biotin*bIocked gel supemaUnts). 
An estimated 40% of the residual erythropoietk activity 
_ ^contained in this specified product was selectively adsorbed 
to immoHlized streptaviifin (Fig lb; closed V open squares), 
and, thus corresponds to biotinylated erythropcaetin. This 
result was reproducible, and was obtained in three separate 
labelmg experimenu. The apparent absence of active bioti- 
nylated erythrqpoietiii molecules in producu prepared at 
• lower labeling stoichiometries is attributed to a conespood- 
ingly low frequency of biotinylatioiu 

The use of sulfosucdnimidyl 6-(biotinamido)hexanoate to 
label recombinant human erythropdetin at amino groups at 
increasing stdchiometries also led to sobsuntial hivmosial 
Inactivation (Fig Ic). Only the least modified reaction prod- 
uct (triangles) possessed activity approximating that of 
unmodified erythropdetin (ie, 29% loss in activity) while 
little if any bioactMty was retained by the most highly 
fciotinylated product (inverted triangles, >95% loss fai activi- 
ty). Using the above described strepUvidin agarose gel 
adsorption procedure, the portion of total bioacthaQr pos- 
sessed by biotinylated erythropoietin molecules par se was 
estimated for each product. Incubation with streptavidin 
agarose resulted in little, if any, spedfic adsorpdon of 
bioactive hormone from biotin-(amino)-erythropoletin prep- 
arations regardless of labeling stoichiometry (Fig Id; closed, 
symbols, activity of streptavidin agarose gel supernatants v 
open symbols, activity of biotinblocked strepUvidin agarose 
gei superoataots), thus indicating that biotinylation of 
erythropoietin at amino groups, even at mfaiimum levdSL 
leads to a high levd of biological inactivation. 

Biotinylation of human urinary erythropoietin at sialic 
add moieties using periodate plus biotinamidocaproyi hydra- 
2ide led to a comparably limited loss in bwto g lcal activity 
(Fig le). Specifically, oxidation with periodats for three, 
nine, and 27 minutes, followed by incubations with Wotinam- 
idocaproyt hydrazide, resulted in estimated losses hi actbity 
of 56%, 82%. and 85%, respectively. That this dimoidtioa ta 
activity was assodated with biotinylation per se was fndl- 



VWOJCHOMSU AND CASLMCE 

9S4 




C00024610 



r 




catod by aperimen Is Sd wfaidi mcabatkMis of oytliropoietui 
with periodatc (12^ mnwiyU «:) for pe^ 
jnimilcs plus sobseqnent iacobAtida vith borcAydride to 
reduce aldehyde groups were thova to have little, if any. 
»"^ect <» hormanal activity. It fa especially notc^ 

essemially all btoactive eiythropaietia moleGuki dtrived 

- Ihmi an reactioD conditions used to labd si^ 

-in fact, were biotinyhtod. This was sbown by the essentia 
-complete and spcciR iulaoiptioo of acthreprodi^ 
tavidin agarose (Ftg. If; dosed symbols, activity of gel 
supernataots) as compared with controls (open symbols, 
activity of Wotin-Wbckcd strepUvidln agarose gd sopeniar 
tants). The initial use of human urinary eiythropoietin was 
directed ty reported (fifferetices ia the dalie acid oontcnt of 

- lecombinant human erythropoietins produced In varioui 
lieterologous manunalian cdl lines,'* In Bubseqoent expert- 
nicnts, the efficiency of the above bbefing i»ocedure in 

. preparing Woactive, human recombinant biotin-<«5alyl)* 
erytbropoietiii was swcsird 

Results of trial experiments indicaited that the efficient 
biotinylation of recombinant human efythropoietin at s»lic 

_»dd moieties required the exposure of honnone to periodate 

for periods of ten minntcs. or greater, plus subsequent 

Incubation with bjotinamrtocaprgyl hydrukle. OvcTOU, a 
loss in activity of approximate^ 55% resulted from thb 
procedure (Fig Ig). As above, the extent of bibtinj ^tion of 

— tnoactive erythropmedn molecaks was estimated by compare 
ing the activities of product following incubations with 
streptavidm agarose (Fig Ih; closed squares, activity of gd_ 

' supemaianU) v bcotin-blodcd strepifavtdin agarose as a 
control (open squares activity of biotin-ttockod gd superna- 
tants). Eighi^ percent of thciotal activity of thb product was 
adsorbed selectively, nod thus concspoods to biotinylated 




erythropoietin. In order to confirm the effidcacy of th» 
adsorptioo proeednre, str^vidin agaroM gel si^wrnatiants 
also wcro analyzed by Western blotting u&ng a peroxidase- 
streptavidin oonjugateT These analyses showed that the 

-adsorptkm of hiotinytoted erythropoietin molecules was 
highly effident, with virtuaUy no detectable amounts of 

' biotinylated erythropdctin remaining in streptavidin agarose 
gel supcmatants (Fig 2, - Une). Thfa adsorptkm also was 
highly sdedive. and was blodud effidenUy by the |sc- 
faicubationofslf^Jtavidin agarose gels with biotin (Figl + 
lane, is, (+) biotin). The majm-, molecular weight (mdwt) 
33,000 biotinylated component corresponds to mooomcric 

. faiotiiKnalyl)-€fythropoietin. The minor, stained md wt 
66,000 product ooncsponds to a comparably smafl amount of 
biotinylated dimeric aggregate derived from exposure to 
periodate as dcmoDstntcd hy studng with antibodictt p^ 
pared agaiiHt pari6ed recombinant human crythropdetin 
(not ihown). Western blotting with penwidase-strcptavidin 
conjugate also was used to confiim thsl the chemistry of 
IsbeUng used, in tod. proridod for Wotinybtioo sdectively at 

sialic add moieties, tiuJws experiment, f^^ 
protdn^" and asialof^ wcro used as Ubeling substrata 
When co-roacted at equimolar ooneentrations under the 
above-prescribed reaction conditions, fetttin was riMpy 1*^ 
tinyUted, whOenolevdsof Wotlnylationof asialofetuinwcre 
detectable (data not shown). ^ . 



z 



a 2 

E X 



-97 
.68 

*43 EMcimvoftfes^dMrp- 



•a <lMneoMrml by Wmra Mot- 
ling. M ampmmmtmntM dertvwl - 

. blaifc%-(*V>-*nrttiro- 



*18 AQVOM dm -I or bkitin-Wocfcsd 

phM btodn) wwe rt e cu ep hwtil 
tsna«r d»fMtttHiHI eoiidltl«i«# 




I I 

I I 

3 V 




Flo KlMtics of thm mntMaa I m l m M t>*oifc>-WfO- 
^rythrafMitftki and W»od or RMMotar inuriM mrMt^dtmvim 
caBs. Biotk>-Ui»tyt)-i > ilinniu le iin ttOiimri/U iwl i »i * t«l 
Frt«d746(A)orR«»«i»«'R#d1 e«aaWet«^«od«tth» 



'. «• It 
1. i 

. 11 



I 
& 

■I 



11 



C00024610 



WOJCHOWSKI AND CA&MCE 



Human neombinM btottik-(siolyiy€wythr(^€tUi as a 
rtceptof Ugfrnd. The utility of biodii-(8ialyl)-«rythioiN»e- 
tin in recqnor studies was demonstrated through analyses of 
specific biiKting sites on the murine erythroleukemic cell 
lines Friend 745 and Rauscher Red 1. In order to establish 
condiUons for binding at oquiHbrium, cclU were incubated at 
4«C with biotia-(sialyl)-erythFopoietin (20 omd/L) and at 
timed inlemis, the amount of hormone bound to cells was 
determined using ***l-strcptavidin« As shown in Fig 3 an 
apparent cquiJibrium was achieved for each cell by iapproxi- 
mateiy eight hours of incubation. Subse(|uently. btodiog of 
biotin-(8ialyl)-crylhropoictin at equilibrium was examined. 
Binding isotherms for specific hormone binding sites arc 
shown In Fig 4 and indicate that, for each ccU line, saturation 



cssentiaUy was achieved with one-half maximal binding 
occurring at nanomolar concentrations of erythropoietin. 
Quantitative estimates for spedfic iMnding afiinities and 
densities were calculated via iterative non-linear r^ession 
analyst. Site densities and affinities of 1 16 ± 4 sites, 3.3 ± 
0.4 nmol/L and 164 ± 5 sites, 2.7 £ 0.4 nmol/L were 
observed for Friend 745 and Katischer Red 1 cells, respec- 
tively. These estimates assume that on the average* one 
molecule of '''I-streptavidia binds per each receptox^bodnd 
molecule of biotio-(sialyl)-erythropoietin. - 

DISCUSSION 

Recombinant human erythropoietin Inotioylatod sdeo- 
tively at sialic acid moieties presentiy is shown to retain high 
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bioltiical activity, aod comprise a useful UgamI for stuto of 
its ccU surface receptor. Abo, it b shown that oomiaiab^ 
large losses in -hormonal activity result, from-tlie ooroleot 
attachment of biotin to erythropoietin at alternative sites, 
indiiding carboxylate and amino groups. Although the 
chemistries of these biotinylated addocts arc distinct, these 
findings are consiatent with the results of earlier studies 
involving the direct chemical modificati(»i of human cryth- 
,<^joietin. Abrogation of oythropoietic acthrity previously 
has been shown to result from the esteri6cation of carboxyl- 
ate groups using thicnyl chteride plus methanol," as wcU as .. 
from the acyUtion of amino groups using radioiodinated 
N-succioimidyl.3-{4-hydroxyphcnyl) propionate.** These 
studies, along with our lesulta. indicate that carboxylate and 
.amino groups of erythropoetin are important for biological 
activity. In contrast, no similar role for sialic acid rcsiduM in 
mediating interaction between crythropcrfetin and iU recep- 
tor 0 indicated^ since removal of these residues using neur- 
aminidase r^rtedly has Uttlc, or no effect on honnonal 
activity." Consistent with this finding, the covalent atuch- 
ment of btotin to sialic add residues of erythropoietin 
presently is shown to proceed efficiently and to yield product 
potfessing substantial bioactivity (fig I, e-b). Based on its 
capacity to interact productively with receptor, biotin- 
(sialyl)-erythropoielin comprises a highly suitable ligand for 
use in receptor analyse** Analyses of the specific binding of 
Wotxn-(sialyl)<iythropoietin to Friend 745 and Rauscher 
Red 1 cells served to confirm this conclusion. 
^ - Regarding Friend 745 cells, the saturabiUty and hi^- 
affinity of binding sites for biotin-(5ialxl)-crythropoietin, 
indicate that these sites correspond to the murine erythro- 
poieUn receptor. Previously^saturaWc and specific sites for 
•"Urytbropoietin binding on Friend crythrolcukemia cells 
have been identified."-" Estimates of the affinity of these 
rites vary from 0.15 nmoI/L«* to 1.3 nmol/L whUe 
estimates of binding site density vary from U 3** to 760 sites 
per cell." Variation in these estimates possibly is attributaUe 
to the consideration that varying amouaU of bioSogical 
inactivation may result from chloroamidc-mediaUd 
radioiodination of erythropoietin, possibly Including com- 
plete inactivaUon."-'*^" This ihacUvation apparently 
derives from iodinatlon, and not from itsxposure to oxidanu 
per 8c, since exposure of erytliropoictin to cither Chloraminc- 
T or 1 ,3,4,6-tetrachJoro-3-6-dipbenylglycoaril in the absence 
of iodide reportedly does not alter activity.** As a result, 
»«l-crythropoictins used in binding analyses typically have 
been prepared at sioichiometries of less than one atom of 
***I-iodide per hormone molecule," ObWously. this circum- 
stance (ic. nonstoichiometric hibeUng) compUcates detecdon 
by bioassay of possible inactivation of modified erythropoie- 
tin molecules. UofortunaUly, no attempt to purify and 
directly assay iodinatcd* hormone molecules has . been 
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reported. Additionally, it has been reported that tmilagiGal. 
activity which is retained in preparatiotts of "*I-erythropoio- 
tin may be unstable and possess a short half-Ufe (ic. <10 
days)." A single dass of high affinity receptors for biotm- 

--(stalyl)-eiythropoietin also was identified on Rsluscber 
erythroleukemia cells (clone Red 1; 164 ± 5 sites per cell, 
2.7 ± 0^ nmd/L kd; Fig 4B). Although this done has not 
been studied previously, high affinity receptors for ''^I- 

-«iythro|K»etln (0.44 to 0. 55 nmol/L kd) have been reported 
for an altemau Rauscher ceU done, Red S.** Bhiding site 
density on an isolated erythropdelin-respoosive subdooe, .. 
Red 5-1.5. was estfanated at 1,690 sites per ceO. 

BiotinK«faly*Hrythropoietm as pieseaUy dewdoped as an 
alternative li^d for receptor stndlea is advaotageoos in 
several regards. First, this labded addttcl is shown to possess 

high biological activfty (Fig 1. e-h). Sooond. WoOn-WalylV 
erythropoietin is biologicaUy stobic, and retains a90% of its 
biological activity for minimally 1 month when stoied at 4"C 
Third, biotin-(sialyl)-€rythropoietln Is chemicaUy sUble, and 
no significant decre^ in the proportion active, tnotiny^ 
latcd molecules is detectable during minimaOy 1 month of 
storage. Fourth, as assosed using a 50-fold excess ^ffi* 
—fied, unmodified recombinant erythropoietin as oo]A|Sator, 
-the bindtog -of-biotin-(sU^)-crythroppictin to putative, 
receptors on two distinct erythroW cdllines is shown tooocor 
with high spcdfidty. rmally. the chcnucal nature of biotin as 
a label is advantageous in that extended utility derhres Crom 
iu use combined with various owaiently'niodilied forms of 
streptavidin. Fbr example, avidin attadied coyaleaay to 
agarose has been used socoessftiny in comlnnation with 
biotinylated forms of insulin;" growth hormone,'* wtrogen. 
and parathyroid hormonei^ to puriiy their respective icocp- 
by ligand affinity chromatography. An alternative 
example of extended uUUty is given by the recent use of 
biotinylated interleukin-6 in the isolation of a cDNA encod- 
ing its receptor." In ihU appUcatkm, exprcssian doning was 
aodomplished using biotinyUted hormone in combination 
' with fluoiesodn-labded avidin and fluorescent-activated cdl 
sorting. Based on these reports, h is antidpated that biotin- 
(8ialyl)-erythropoietin as presenUy developed will figure 
advantageously not only in studies of the regutatod cxpr«- 
sioo of erythropoietin receptors on intact cells, but also m 
faciliuting receptor isdation through dther direct, or 
genetic means. 
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Abstract 

Background. Leukocyte adhesion/infiltration in 
response to renal ischaemia/reperfusion (I/R) injury is 
a well-known but poorly understood phenomenon. 
The identification, kinetics, and exact role of these 
inflammatory cells in I/R injury and regeneration are 
still matters of debate. 

Methods. Uninephrcctomizcd rats were submitted to 
60 min renal ischaemia by clamping of renal vessels. 
Results. Severe acute renal failure was observed, with 
maximum functional impairment on day 2. By 12 h 
after the ischaemic event, up to 80% of proximal 
tubular cells in the outer stripe of outer medulla 
(OSOM) were already severely damaged. Proliferation 
(proliferating cell nuclear antigen (PCNA) staining) 
started after 24 h, reaching maximum activity on day 
3. Regeneration of tubular morphology started on the 
3rd day, and after 10 days 50% of tubules had regener- 
ated completely. Interstitial leukocytes (OX-1 inununo- 
histochemica) staining) were already prominent at 
day 1, thereafter gradually increasing with time. The 
so-called neutrophil-specific identification methods 
(myeloperoxidase (MPO), chloroacetate esterase, mAb 
HIS-48) proved to be non-specific, since they also 
stained for macrophages, as demonstrated by flow 
cytometry and the combination of these stainings with 
the macrophage-specific ED-\ staining. MPO activity 
was already significantly increased at 1 h post-I/R 
(439 ±34%, P< 0.005), reaching its maximum activity 
after 12 h of I/R (1 159± 138%, P<0.0005), declining 
thereafter. On the other hand, neutropldl presence 
investigated by H&E staining revealed only a few 
neutrophils in glomeruli, medullary rays, and OSOM 
at 24 h after the ischaemic event (4.7 ±4.2 cells/mm^ 
vs controls =2.3 ±2.0 cells/mm^ (n.s.)), and remained 
unchanged over the next 10 days. In contrast, signific- 
ant monocyte/macrophage adhesion/infiltration (ED-1 
staining) occurred at the OSOM at 24 h post-ischaemia 
(at 24 h, 120±46 cells/nun^ v$ sham= 18 ±4 cells/mm^ 
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(P<0.05)). became prominent at day 5 (1034±161 
cells/mm^ sham= 18± 18 cells/mm^ (/><0.05)), and 
almost disappeared after 10 days. CD4^ cells (W3/25) 
gradually increased from day 5, reaching a maximum 
at day 10. A few CDS'*" cells (OX-8) were apparent 
from days 3 until 10, but no B-cells (OX-33) were 
observed. 

Conclonons. After severe warm I/R renal injury, a 
pronounced acute tubular necrosis occurs during the 
first 12-24h in the absence of a marked cellular 
infiltrate, but with an important renal MPO activity, 
reflecting the activation of the adhering inflammatory 
cells (polymorphonuclear cells (PMNs) and mainly 
monocytes/macrophages). Only later at the time and 
site (OSOM) of regeneration a sequential accumulation 
of monocytes/macrophages and T cells becomes prom- 
inent, in contrast with the low number of neutrophils 
found in the kidney during the 10-day post- ischaemic 
period. The non-specificity of the so<alled neutrophil- 
specific identification methods (MPO activity, naph- 
thol AS-D chloroacetate esterase, or mAb HIS-48 
staining), cross-reacting with monocytes/macrophages, 
explains the controversy in literature concerning the 
number of PMNs in post-ischaemic injury. 

Keywords: damage; kidney; macrophages; myelo- 
peroxidase; neutrophils; rat; regeneration 



IntroductioD 

Ischaemia/reperfusion (I/R) injury is a conmion clin- 
ical event, still associated with high mortality and 
morbidity [1], and lacking a specific therapy. Post- 
ischaemic acute tubular necrosis (ATN) is observed 
most frequently in patients after major surgery (cardiac 
and aortic operations), trauma, severe hypovolaemia, 
bums, and others [2]. In addition, delayed graft func- 
tion of renal allografts is mainly caused by post- 
ischaemic ATN, with significant long-term graft 
survival [3]. Despite decades of laboratory and clinical 
investigation, the pathophysiology of I/R injury is still 
incompletely imderstood II]. 
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Leukocyte infiltrate after ischaemia/reperfusion injury 

Renal injury after ischaemia appears to be a con- 
sequence of tissue hypoxia from interrupted blood 
supply but also from the process of reperfusion, leading 
to an active inflammatory response [4]. Sublethal or 
even lethal injured proximal tubular and endothelial 
celU trigger this process through the release of cyto- 
kines and chemokines that will promote cellular infil- 
tration. Leukocytes may play an important role in the 
mechanism of parenchymal injury after I/R as well as 
in the regeneration process, but their exact role is far 
from clear. Polymorphonuclear cells (PMNs) recruited 
during reperfusion have long been implicated as critical 
mediators of the early renal parenchymal injury in 
ischaemic ARF, as recently reviewed [5]. These 
assimiptions were supported by morphological criteria 
(H&E stain [6]), enzymatic criteria (myeloperoxidase 
[7-9], chloroacetate esterase [ 10-13], mAb HIS-48 
[14]) and labelling techniques (e.g. ^^^Indium labelling 
[15]), in most cases suggesting robust PMN recruit- 
ment in the post-ischaemic kidney [I]. These PMNs 
may contribute by potentiating an inflammatory 
response that leads to the generation of vasoconstrictor 
agents, cytokines, and toxic mediators such as reactive 
oxygen species and proteases [16,17]. I/R in rat myo- 
cardium [18], liver [19], and brain [20] has been 
correlated with the number of granulocytes adherent 
at the capillary walls. Also m the kidney, PMNs 
have been put forward as inducing or amplifying 
additional damage in post-ischaemic renal injury 
[7-9,12,13,15,21]. Several investigators, however, 
found that infiltration of the renal parenchyma by 
PMNs was not a prominent feature of experimental or 
human post-ischaemic ARF when PMNs in renal 
sections were counted using routine histology (H&E) 
[!]• 

The first step in unravelling this controveny consists 
in the careful analysis of the identification of these 
adhering/infiltrating cells and their kinetics and distri- 
bution, related to the course of tubular injury and 
repair after severe warm I/R. 

Subjects and methods 

Animals and experimental groups 

After overnight fasting, the surgical procedures were car- 
ried out under anaes&esia with sodium pentobarbitone 
(60 mg/kg) in inbred male LEW rats (220-260 g). A midline 
abdominal incision was made and heparin (50 lU, i.p.) was 
administered. To help to maintain thermoregulation during 
ischaemia, the abdomen contents were replaced and covered 
with a wet dressing. No specific heating pad was used. 
Animals were randomly assigned to two groups: (i) left renal 
ischaemia, performed by cross-clamping the left renal pedicle 
for 60min with a microvascular clamp, followed by right 
nephrectomy at the end of the ischaemia period (n=40); (ii) 
ri^t nephrectomy alone, without isdiaemia (ii~40). In these 
control animals the left renal pedicle was dissected, but not 
clamped. Careful dissection was carried out to preserve the 
blood supply to the adrenal glands. The kidneys were inspec- 
ted for ischaemia as well for good reperfusion for 2 min. 
This uninephrectomized model was chosen for analogy with 
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the situation of renal transplantation; moreover, prior investi- 
gations have shown that contralateral nephrectomy enhances 
the fimctional and morphological recovery of the post- 
ischaemic kidney [22,23]. 

Post-operative animals were allowed to recover, each in a 
separate cage, at constant temperature (18X) and humidity 
(45%) on a 12-h light/dark cycle. They received free tap 
water ad libitum, and standard laboratory rat pellets by the 
paired-feedmg method. In this way non-ischaemic animals 
received the same protein and salt intake as post-ischaemic 
animals, which show greater post-operative anorexia. 
Animals were weighed and mspected daily. Sacrifice of 4 
animals per experimental time point was done at hours 1, 2, 
6 and 12 and on days 1, 2, 3, 5, 7, and 10 Blood samples 
were taken by heart puncture. All procedures were carried 
out in accordance with the NIH Guide for the Care and Use 
of Laboratory Animals No. 85-23 (1985)» and with approval 
of the Ethical Committee of the University of Antwerp. 

Biochemical determinations: 

Blood samples were allowed to clot and were centrifuged at 
high speed for 15 min. Serum was obtained and stored at 
— 20*C until use. Serum creatinine values were detemiined 
in duplicate using a cotorimetric method as modified by Jaffi 
(Creatinine Merckotest, Diagnostica Merck, Germany). 

Tissue collection and fixation: 

Immediately after sacrifice, tissue for analysis was collected 
from the left kidney. Afler dissection of the capsular fat, the 
kidney was weighed. Five sagittal tissue sections ( 1 mm thick) 
were made and fixed in formalin calcium, methacam and 
Dubosq Brazil fixative. Two sections were stored in liquid 
nitrogen. 

Morphological analysis of tubular injury, regeneration 
and cell proliferation: 

The degree of injury in diflerent tubular compartments was 
established on periodic acid-Schilf reagent (PAS)-haematoxy- 
lin-PCNA stained sections of methacam-fixed and paraffin- 
embedded renal tissue. ProUferation was determined by 
immimohistochemical staming for the PCNA using the PCIO 
monoclonal antibody (Dako, Denmark). Sections were 
counterstained with PAS. Nuclei were stained with methyl 
green. Histological damage of the kidney was scored semi- 
quantitatively: 50 tubules in the outer stripe of the outer 
medulla (most sensitive zone for ischaemic injury) were 
assigned using a score-system ranging from 0 to 6 (score 0, 
normal tubule; score 1, (limited to) loss of brush border; 
score 2, <50% tubular damage, meaning less than 50% of 
naked basal membrane; score 3, >50% tubular damage; 
score 4, total destruction of all epithelial cells, naked base- 
ment membrane; score 5, small rim of cytoplasm with large 
dark nuclei (PCNA+); score 6, increase in cytoplasm 
volume; evolution to score I, uncompleted brush border and 
score 0, complete regenerated brush border). The prolifera- 
tion was measured by counting the number of PCNA- 
immunoreactive nuclei in 25 circular-shaped proximal 
tubules. 

Renal adhesion/infiltration — leukocyte cell markers: 

Sections (4 pm) were mounted on poly-L-lysine-coated micro- 
scope slides and treated for 5 min with 0.003% trypsin III 
(Sigma Chemical Co., St Louis, USA) in 10 mmoVl Tris-HCl 
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buffer pH7.3. After washing in Tris saline buffer (TSB, 0.01 
mol/l Tris-HCI pH 7.6 in 0.9% NaO) and treatment with 
normal horse serum (1/5), the sections were incubated over- 
night with the primary antibody OX-1 (1/6000). This 
OX-1 mAb recognizes the rat leukocyte common antigen 
CD45, which is present on all marrow-derived leukocytes 
[24]. Positive cells were counted in 20 fields of 0.16 mm* 
and data were expressed as leukocytes/mm^. Immuno- 
htstochemical detection of monocytes/macrophages was per- 
formed on methacam-fixed, paraffin-embedded renal-tissue 
sections using the EDI monoclonal antibody (Serotec» UK). 
This antibody is directed to a cytoplasmic antigen of tissue 
macrophages and monocytes [25]. As control, a peripheral 
blood smear and a spleen section of the rat were stained. 
T-lymphocytes (Helper T-cells: W3/25, suppressor T-cells: 
OX-8), and B-lymphocytes (OX-33) were demonstrated on 
S \tm renal tissue cryosections prefixed in 4% formaldehyde 
(BDH Chemical Ltd, Poole, UK) buffered with 0.1 mol/l 
Na-cacodylate pH7.4 containing 1% CaCli* Sections 
were incubated overnight with W3/25 (1/800), 
OX-8 (1/400) or OX-33 (I/lOO) (Serotec, Oxford, UK). 
Appropriate antibody dilutions were detemiined in prelimin- 
ary experiments. The W3/25 monoclonal antibody recognizes 
the rat CD4-equivaIent present on T-helpcr cells [26], and, 
in lower density, on some macrophages [27]. The OX-8 
monoclonal antibody reacts with T-suppressor/cytotoxic and 
natural kilter cells, and is directed to the rat CD8-equivalent 
[28]. The OX-33 monoclonal antibody reacts with only 
peripheral B-cells [29]. Positively stained cells were quantified 
in 10 randomly ^osen OSOM microscope fields (magnifica- 
tion 125) in each animal and expressed as positive cells per 
square millimetre. Endogenous tissue peroxidase activity was 
inhibited by immersion in methanol for 15 mm, followed by 
30 min incubation with 0.03% HjOj in TSB. After washing, 
subsequent incubations were performed with the avidin- 
biotin peroxidase complex (Vectastain, Vector Laboratories 
Inc., Burlingame, USA) and 9-amino-ethylcarba2ole as the 
chromogen supplemented with the H2O2 as substrate. As 
controls, a spleen section of the rat was also stained. Nuclei 
were counterstained with methyl green. 

Myeloperoxidase (MPO) assessment of rat post- 
ischaemic kidney 

This colorimctric method measures the activity of MPO 
found in the azurophilic granules present in PMNs [30]. 
Normal and post-isdiaemic kidney at 1, 2, 6, 12, and 24 h 
post-reperfusion was homogenized in 5mmol/l potassium 
phosphate buffer first and then centrifuged at 30 000 g for 
30 min at 4*0 prior to extraction. To avoid interference with 
supcmatants from control and post-ischaemic kidney the 
pellets were washed twice [31]. The resulting pellets expressed 
MPO activity after suspending them in 50nunol/l phosphate 
buffer containing 0,5% hexadecyltrimethyl ammonium brom- 
ide (HTAB). The pellets were centrifuged at 40 000 g for 
15 min; 0.2 ml specimen was added to 0.8 ml 50ramol/l 
potassium phosphate buffer (pH 6.0) containing 0. 1 67 mg/ml 
O-dianisidine dihydrochloride and 0.0005% H2O2. Absorb- 
ency was measured at 460 nm for 2 min, and assay linearity 
was confirmed. MPO activity, normalized to protein content 
of the supernatant, was expressed as the percentage of levels 
in kidneys subjected to sham surgery. 

Identification! quantification methods of PMNs 
HdE staining 

Histochemical detection of polymorphonuclear cells was 
performed on methacam-fixed, paraffin-embedded renal- 



tissue sections. The H&E staining was used to identify and 
to quantify the infiltration of polymorphonuclear cells, based 
upon the localization of the cell and morphology of the 
nucteus of the cell. Positively stained cells were quantified in 
75 randomly chosen microscope fields (magnification 1000) 
in cortex, outer stripe of outer medulla (+ medullary rays), 
and inner medulla, expressed as positive cells per square 
millimetre. 

ED'l staining on cryosections in combination with 
MPO staining 

In brief, after incubation with the mAb ED-1 against macro- 
phages (step 1), MPO was stained using tli» chromogen 
benzidine dihydrochloride (step 2). Thereafter, MPO was 
inactivated (step 3) and the ED-1 staining itself was 
developed (step 4) (Figure 1). More in detail, S\tm renal 
tissue cryosections were used, prefixed in formalin calcium 
(4% formaldehyde (BDH Chemical Ltd., Poole, UK)) 
buffered with 0.1 M Na-cacodylate pH7.4 containing 1% 
CaCl2. In a first step, the sections were mounted on poly*L- 
lysine coated microscope slides and treated for 5 min with 
0.003% trypsin III (Sigma Chemical Co., St Louis, USA) in 
lOmmol/1 Tris-HCl buffer pH 7.3. After washing in TSB 
with 1% bovine serum albumin and treatment with normal 
horse serum (1/5), the sections were incubated overnight 
with the primary mouse anti-rat antibody ED-1 (1/15000). 
This very specific antibody is directed to a cytoplasnuc 
antigen of tissue macrophages, monocytes and dendritic cells 
[25]. Sections were then incubated for 30 min with biotinyl- 
ated horse anti-mouse IgG. As second step, staining for the 
MPO was performed, using the chromogen benzidine 
dihydrochloride (30% ethanol, containing 1.5 g benzidine, 
pH6.0) and hydrogen peroxide 0.03% as substrate. This 
shows the yellow-coloured intra-cytoplasmic granules. The 
sections were mounted with gelatine and photographed with 
a Ldca microscope using the program KS 400 v. 2.0. In a 
third step, the sections were demounted to further develop 
the ED-1 mAb: after inhibition of endogenous peroxidase 
using methanol for 15 min and H2O2 0.03% in TSB for 
30 min, sections were incubated with avidin-biotin labelled 
with peroxidase (Vectastain, Vector Laboratories Inc., 
Burlingame, USA) and developed with 9-amino-ethyl- 
carbazole as chromogen and HjOj as substrate, which finally 
shows the ED-1 positive red-brownish-coloured cytoplasm 
of the macrophage. The sections were mounted with gelatine/ 
glycerine and photographed again. 

As part of control experiments the specific ED- 1 staining 
was tested in peripheral blood. Rat blood samples were taken 
at moment of sacrifice. A peripheral blood smear was per- 
formed and fixed for 30 s in formalin calcium. Then the 
ED-1 staining (without MPO staining) was performed as 
described previously. A counterstaining with haematoxylin 
was performed. 

ED'l staining on cryosections in combination with 
naphthol AS-D chloroacetate esterase staining 

In brief, after incubation with the mAb ED-1 against macro- 
phages, the naphthol AS-D chloroacetate esterase reaction 
was performed. Thereafter, the ED-1 staining itself was 
developed. More in detail, ED-1 positive cells were demon- 
strated as described above; 4|mi renal tissue cryosections 
were used, prefixed in formalin calcium (4% formaldehyde 
(BDH Chemical Ltd, Poole, UK) buffered with 0.1 M 
Na-cacodylate pH7.4 containing 1% CaClj). In a first 
step, the sections were mounted on poly-L-lysine coated 



Leukocyte infiltrate after ischaemia/reperfusion injuiy 







1S65 



. Benzidine + H2O2 • 



• Methanol 




Avtdln4)iotln complex (ABC) \ 
Peroxidase labeM 



biowrvred 



O ED-1 Ab + ABC 

O MPO staining with chromogen benzidine **- H2O2 
0 Methanol treatment : MPO inactivation 
0 ED-1 visualisation 



Fig. 1. Method of oombined ED-l/MPO staining on cryosections. For further explanation of different steps, see text. 



microscope slides and treated for 5 min with 0.003% trypsin 
III (Sigma Chemical Co., St Louis, USA) in 10 mM Tris-HCl 
buffer pH 7.3. After washing in TSB with 1% bovine serum 
albumin and treatment with normal horse senmi (1/5), the 
sections were incubated overnight with the primary mouse 
anti-rat antibody ED-1 (1/iSOOO). Sections were then incub- 
ated with biotinylated horse anti-mouse IgG. After 30 min 
incubation, as a second step, the chloroaoetate staining was 
performed as described by Leder [32]: slides were incubated 
with naphthol AS-D chloroacetate esterase in 4% pararosani- 
line and 4% sodium nitrate in 0. 1 M acetate buffer for 30 min. 
The sections were mounted with gelatine and photographed: 
cells containing red-brownish granules were regarded as 
positive. In a third step, the sections were demounted. After 
inhibition of endogenous peroxidase using methanol for 
15 min and HjOj 0.03% in TSB for 30 min, sections were 
incubated with avidin-biotin horseradish peroxidase 
(Vectastain, Vector Laboratories Inc., BurKngame. USA) 
and developed as described above, to show the ED-1 -positive 
cells. Control stainings were similar as described for MPO 
(see above). 

HIS-4S (granulocytes) in combination with ED-1 

In brief, first the primary antibody HIS-48 was demonstrated, 
photographs were taken, decoloured, and thereafter ED-1 
staining was performed. More in detail, 5-pm renal tissue 
cryosections were prefixed and mounted as described above, 
and incubated overnight with HIS-48 (1/10) (monoclonal 
antibody against polymorphonuclear cells) [14]. As controls 
sections were also incubated with the primary mAb ED-1 



(1/150000) and mAb against a-smooth muscle actin (a- 
SMA)( 1/30000). After inhibition of endogenous peroxidase 
using methanol for 15 min and H2O2 0.03% in TSB for 
30 min, sections were incubated with biotinylated horse anti- 
mouse IgG for 30 min. Sections were then incubated with 
avidin-biotin horseradish peroxidase (Vectastain, Vector 
Laboratories Inc., Burlingame, USA) and developed with 
9-amino-ethylca7bazole as chromogen and HjOj as substrate. 
The sections were mounted with gelatine/^ycerine and 
photographed. The sections were demoimted, decoloured 
with isopropanol and again photographed. Then the sections 
were heated in a microwave [14] for 10 min in order to 
destroy the horse anti-mouse binding on HIS-48 and were 
allowed to cool down. The sections were blocked with 
polyclonal rabbit antiserum for 20 min and then incubated 
overnight with ED-1, which was a FITC (fluoresceine iso- 
thiocyanate)-labelled antibody. Then the sections were incub- 
ated with a rabbit polyclonal anti-FITC antibody, which was 
peroxidase labelled and thereafter, developed with 9-anuno* 
ethylcarbazole as chromogen and H2O2 as substrate. 

This rabbit anti-ED-1 FITC-labelled antibody was used in 
order to exclude aspedfic staining with the previous second- 
ary polyclonal horse anti-mouse antibody and avidin-biotin 
complexes. In another control experiment aspedfic binding 
of ED-1 with the horse anti-mouse antibody, used during 
first staining step, was excluded using a-SMA in the first 
staim'ng. 

Labelling of rat peripheral blood cells with mAb HIS48 

Erythrocytes from 20 ^l of heparinized blood were lysed 
(hypotonic buffer, 10 min, 20''C) and leukocytes were then 
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incubated (30 min, 4''C) with mAb HIS^. A second incuba- 
tion step (BOmin, 4°C) with FITC-conjugated rabbit-anti- 
mouse IgG (RAM-FITC) followed washing of the cells 
(PBS+0.1% BSA+O.OS% NaNs). Cells were resuspended in 
washing buffer prior to analysis on a FACStar plus (Becton 
& Dicldnson. Immunocytometry Systems). To identify posit- 
ive celts, these were sorted onto poly-L-Lysine-coated glass 
slides and stained by May-Grltoiwald-Giemsa standard 
procedure. 

Statistics 

Data are presented as means + standard deviation. They 
were compared with an one-way ANOVA analysis, and a 
Student'Newman-Keuls test was used to prove qualitative 
differences by using the software package SPSS. Significant 
differences were anticipated when P<O.OS. 



Results 



Animals (Figure 2 A-B) 

During surgery, animals cooled from 38 to 28°C, as 
no specific heating pad was used. Post-ischaemic 
animals sustained a severe acute renal failure with a 
mortality of 15%, observed at days 3-4, while non- 
ischaemic animals all survived the right nephrectomy. 
Due to the paired feeding, all animals had comparative 
post-operative weight loss, which had not recovered 
during the 10-day study period. At sacrifice, the post- 
ischaemic Iddneys showed a weight gain of 45% at day 
5, which persisted, reflecting oedema and infiltration. 



Kidney function (Figure 2C) 

Unilateral nephrectomy, without any ischaemia, 
caused a slight increase in the serum creatinine 
(S-crca) levels on day 2 (S-crea„ephi«ctomy day o= 
0.75mg/dl±0.05 vs S-crea^^^^^^^y ^.y 2= 
1.22mg/dl±0.13; P<0.05), and returned to normal 
on day 3. A period of 60min of warm ischaemia 
caused a severe acute renal failure on the second 
day (S-creai«h,e„^ day 0 = 0.75 mg/dl± 0.05 vs 
S-creai«h««nia d.y 2=4.0 mg/dl± 1.9; P<0.05). 
Functional recovery of the kidney started after day 2 
and was almost complete at day 7 (S-creaiKh„„u« day 7 
= 1.06 mg/dl±0.11; not significant). 



Damage and regeneration/PCNA positivity 
(Figures 3, 4) 

The zones of most severe injury (PAS staming) and 
proliferation (PCNA staining), which are the OSOM 
and medullary rays, are exactly the same zones of most 
important leukocyte infiltration (OX-1 pan leukocyte 
staining) (Figure 3). The evolution of damage and 
regeneration of the kidney tubules was scored semi- 
quantitatively (Figure 4). In cases of a unilateral neph- 
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Fig. 2* (A) Post-ischaemic animal weight loss. (B) Evolution of 
weight of the post-ischaemic kidney. (C) Kidney function, serum 
creatinine. Dark bars and circles, post-ischaemic animals, after 
60 mln warm ischaemia on remaining left kidney. Light bars and 
circles, controls without ischaemia. (*P<0.05). 



rectomy without ischaemia of the imique kidney, no 
signs of damage or regeneration were seen in the 
remaining kidney during the study period of 10 days. 
No PCNA positivity or infiltrating leukocytes was 
noticed. In contrast to the non-ischaemic groups, 
60min of warm ischaemia resulted in remarkable 
damage of the proximal S3 segment and the thick 
ascending limb of the nephron in the OSOM and 
medullary rays. The first day after the ischaemia, 
almost half of the tubules showed a complete detach- 
ment (score 4) of their epithelial cells from their 
basement membrane. On day 2, the first signs of 
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Fig. 3. Morphological damage and cellular infiltration at S3-nephron segment Lefl, outer stripe of outer medulla (OSOM) and medullary 
rays are the zones of most severe injury (PAS staining) and proliferation (PCNA staining) (at day 2 post-I/R). Right, OSOM and medullary 
rays are also the zones of most important leukocyte infiltration (OX-1 pan leukocyte staining) (at day 10 post I/R). (Arrow, medullary rays). 



regeneration appeared and they reached a maxioium 
at day 3, together with a maximum of PCNA positivity. 
The characteristics of this early regeneration consisted 
of small non-differentiated cells with strong PCNA- 
positive nuclei, localized on the basement membrane 
of the proximal tubule and the thick ascending limbs 
(score 5), The following days, the volume of the 
cytoplasm of these cells increased (score 6), imtil finally 
the brush border recovered (back to score 0). The 
amount of PCNA-positive cells decreased in time and 
returned to baseline from the 5th day onwards. At the 
end of the investigated period (day 10), half of the 
proximal tubules were regenerated completely. 

iDterstitial leukocytes (Figure 5) 

In the non-ischaemic group, no increase in number of 
interstitial leukocytes (OX-1 staining) could be seen 
within the study period of 10 days. Ischaemia of a 
unique kidney resulted in a gradually increasing inter- 
stitial leukocyte infiltrate in the OSOM diuring the 10 
days investigation period. At day 10, the interstitial 
infiltrate was quite prominent (OXli^aemtt = 1733± 
10 cells/mm*). 



ED-1 staining (monocytes/macrophages) 

As early as 24 h after I/R injury, an increased number 
of monocytes (ED-1 positive cells) was foimd in the 
renal interstitium (119 ±46 cells/mm^ vs controls = 
20.9 ±7.3 cells/mm^ (P<0,05)). Five days after the 
ischaemic event, a peak of EE>-1 positive cells occur- 
red (1034± 161 cells/mm^ vs controls= 18.4 ±18.4 
cells/mm^ (i'<0.05)). 



IV3/25 staining (CD4* molecule) 

A lymphocytic infiltration occurred from day 5 on in 
the ischaemic group, and persisted after 10 days. 



OXS staining (CD8* molecule) 

The outer stripe of the outer medulla contained only 
a small but significant number of CD8"^ cells, entering 
the ischaemic kidney at the 3rd day (35 ±6. 76 
cells/mm^ controls =6.8 ±8.05 cells/mm^ (P<0.05)) 
and persisting until day 10. 
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Fig. 4. (A) Renal damage and regeneration, semiquantitative score of damage (score 1-3) and regeneration (score 4-6). (B) Number of 
PCNA-positive cells (per drcular-shaped tubular cross-section) (*/'<0.0S). 



OX-SS staitting (B-cells) 

The spleen section was clearly positive for B-cells. 
Neither the control kidney nor the ischaemic kidney 
contained B-cells. 



Early staining of PMNs vs monocytes/ 
macrophages: analysis of 0-24 h (Figure 6) 



MPO assessment of rat post-ischaemlc kidney 
during the first 24 h post-I/R (Figure 6) 

MPO activity was expressed as the percentage of levels 
in kidneys subjected to sham surgery 100%). MPO 
activity is already significantly increased after 1 h post- 
I/R (439 ±34%, P< 0.005), reaching its maximum 
activity after 12 h of I/R (1159±138%, P<0.0005). 
However, kidney function, measured by S-creatinine, 
starts to be unpaired after 6 h. 



In all segments only scarce neutrophils (H&E staining) 
could be noticed at the early phase after the I/R mjury, 
not significantly different from controls (OSOM, 
8.37 ± 7.68 cells/nun^ vs controls =2.41 ±2.84 cells/ 
mm^; medullary rays, 2.50 ±2.02 cells/mm^ vs con- 
trols =2.47 ±2.16 cells/mm^; cortex, 4.73±1.90 cells/ 
mm^ vs controls =2.91 ±2.34 cells/nun^). The few neu- 
trophils that were noted were mainly located in 
the peritubular capillaries. As mentioned above, the 
number of monocytes/macrophages increased steadily 
with time, mamly in OSOM, and after 24 h was 12 
times higher than the number of neutrophils present. 



Identification of infiltrating cells (Figure 7) 

ED'l staining on peripheral blood smear and kidney 
sections 

The ED-1 staining of peripheral blood monocytes 
showed ED-1 -positive granules in the cytoplasm, 
whereas neutrophils and lymphocytes are negative for 
ED-1. Haematoxyiin staining on a kidney section of a 
pyelonephritis kidney showed massive presence of 
intratubular PMNs, negative for ED-1 staining (data 
not shown). 
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Fig. 5. Renal interstitial infiltrate, expressed as number/nun'. OX-1, pan-leukocytes; ED-I, macrophages; W3/25. CIM* helper T-cells; 
OX-8. suppressor/cytotoxic T-cells; OX-33, B-cells. Dark bars, post-ischaemic animals, after 60 min warm ischaemia on remaining left 
kidney. Light bars, controls without ischaemia (*P<0.05). 



ED'l staining on cryosections in combination with 
MPO-staining 

Figure 7A shows MPO staining of ED-l-positivc cells, 
indicating that macrophages, like neutrophils, stain for 
MPO. By performing the staining procedure as 
described above but without incubation with the prim- 
ary ED-1 mAb, no positive staining was observed, 
indicating no aspecific binding of the secondary mAbs 
and the avidin-biotin complexes, or residual MPO 
activity. 

ED- J staining on cryosections in combination with 
chloroacetate staining 

Figure 7B shows naphthol AS-D chloroacetate esterase 
staming of ED-l-posidve cells, which shows that 



macrophages, like neutrophils, stain with chloroacet- 
ate. By performing the staining procedure as described 
above but without incubation with the primary 
ED-1 mAb, no positive staining was observed, indicat- 
ing no aspecific binding of the secondary mAbs and 
the avidin-biotin complexes, no residual activity of the 
endogenous peroxidase activity. 



HIS-48 (granulocytes) in combination with ED-l 

Figure 7C shows that ED-1 -positive cells (macro- 
phages) also stain for HIS-48. Different control experi- 
ments were performed (data not shown): first, by 
performing the double-staining procedure as described 
above but without incubation with the anti-ED-1 
FITC mAb, no posidvity was observed, indicating no 
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aspecific binding of the second staining procedure. 
However, the ED-1 itself might bind with parts of 
the primary staining procedure. Therefore, a second 
control staining was performed by a double-immuno- 
histochemical staining combining mAb against a-SMA 
in the first staining with ED-l FITC in the second 
staining. The typical pattern of peritubular and periglo- 
merular a-SMA staining and also that in the walls of 
large blood vessels is different from the typical inter- 
stitial pattern of macrophage staining. If in our control 
staining ED-l should bind non-specifically to the sec- 
ondary biotinylated horse anti-mouse antibody of the 
first staining, the ED-l staining would have had the 
staining pattern of a-SMA, which was not the case. 
Hence the secondary staining for ED-l was specific 
for the monocyte/macrophage cell type. In order to 
exclude aspecifidty or decreased activity of a FITC- 



labelled antibody, a control staining was performed by 
combining the ED-l in the first staining with the ED-l 
FITC-labeUed antibody in the second staining. Not 
surprisingly, although less intensive, all cells positive 
for ED-l were also positive for the FITC-labeUed 
antibody. 



Labelling of rat peripheral blood cells with mAb 
fflS48 (Figure 8) 

The HIS-48-labelled subsets were sorted according to 
a selection procedure based on fluorescence intensity 
in a negative, a weakly positive, and a strongly 
positive subpopulation. In these weakly and strongly 
HIS-48-labeiled subsets the nuclear morphology was 
analysed and the distribution of lymphocytes, 
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Fig. 7. MPO, chloroacetate and HIS-48 reactivity of macrophages. (A) ED-1 staining on cryosections in combination with MPO staining. 
MPO staining of ED-1 positive cells, showing that macrophages arc also able to produce MPO (like PMNs). (B) ED-1 staining on 
cryosections in combination with chloroacetate staining. Chloroacetate staimng of ED-l-positive cells, showing that macrophages are able to 
produce chloroacetate (like PMNs), (C) HIS'48 in combination with ED-l. ED-l-positive cells (macrophages) also stain for HIS-48. 

monocytes, and PMNs was counted. The most strongly Discussion 
HIS-48-labelled cells were identified as monocytes/ 

macrophages, while the weakly labelled cells were Renal ischaemia/reperfusion injury is a major cause of 

identified as PMNs. ARF in the native as well as in the transplanted organ. 
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Fig. 8. Labelling of rat peripheral blood cells with mAb HIS-48. (A) Flow cytometric labelling of peripheral blood cells with mAb HIS-48 
shows cell in a wide intensity range (Ml) but especially a weakly and a strongly (M3) labelled cell subset. (B) These labelled subsets were 
sorted according to a selection procedure based on fluorescence intensity. (C) Analysis of nuclear morphology reveals a majority of PMNs 
in the weakly HIS-48 labelled subset and a majority of monocytes in the strongly HlS-48 labelled subset. 



and is associated with a high mortality and morbidity. 
There is no specific treatment for this devastating clin- 
ical syndrome, reflectmg, in part; the relatively poor 
understanding of the disease pathophysiology [1]. 
Leukocyte adhesion/infiltration and in situ prolifera- 
tion in response to I/R injury is a well-known but ill- 
defined phenomenon. Sublethal damaged epithelial 
cells in proximal tubules and thick ascending limbs 
have the capacity of liberating chemotactic substances 
[33] which, through upregulation of adhesion molec- 
ules at the site of endothelial celts, may facilitate a 
leukocyte adhesion/infiltration, the role of which in 
injury or in the regeneration process after I/R is still 
not clarified. 

The presence of these leukocytes, particularly of neu- 
trophils, is generally considered as a damaging event, 
exacerbating I/R damage [17], Recent experiments that 
interfere with leukocyte activation and adhesion/infil- 
tration (mAbs to ICAM-1 and/or LFA-1, ICAM-1 
antisense oligonucleotides, etc.) have shown that the 
kidney can be functionally protected against post-I/R 
injury [7,34], On the other hand, phagocytes are also 
regarded as important scavengers of apoptotic cells or 
necrotic debris, and their presence in the kidney follow- 
ing I/R injury could alternatively represent a repair 
process [1]. Yet these infiltrating inflammatory cells 
may be a source of growth-stimulating substances [35], 
implying a role in the repair process after ARF [36-38]. 

Although many data are available concerning the 
overall cellular infiltrate after injury, only scarce 
information is available on the careful identification 
and time course of the different subsets of these adher- 
ing^nfiltrating and proliferating leukocytes [5]. 
Recently, a mixed mononuclear cell (macrophage and 



CIM*^ cell) infiltration of the kidney, within a few days 
after I/R, was described after 45 min warm ischaemia 
[39] and after experimental cold ischaemia [40], with 
limited information, however, as to its exact topo- 
graphical localization and kinetics. In the latter and 
many other studies, no important neutrophilic infiltra- 
tion was mentioned, while even very recently, others, 
using enzymatic tests and membrane markers described 
mainly neutrophilic adhesion/infiltration [12,13,21,34]. 
These findings underscore discussion in the literature 
concerning the number and role of neutrophils after 
renal I/R. Our results contribute to the unravelling of 
this controversy. 

First, during the first 24-48 h the detailed identifica- 
tion and quantification of the interstitial leukocytes in 
the rat kidney after severe warm I/R injury showed a 
pronounced acute tubular necrosis, with only a moder- 
ate monocyte/macrophage infiltration and prolifera- 
tion. It is important to stress that the decrease in body 
temperature from 37X to 28*C during anaesthesia and 
surgery might change kinetics and other properties of 
the cellular infiltrate, especially at early time points 
after ischaemia. Despite there being no significant 
increase of PMNs (identified by routine H&E staming) 
and the slightly increased monocytes/macrophages 
(EE>-1 staining) during the first 12 h, the MPO activity, 
generally related to presence of PMNs [7,9,30,31], was 
significantly increased in the first hours post-ischaemia. 
This early ( 1 h) to maximal ( 12 h) MPO activity of the 
post-ischaemic kidney remains to be explained in the 
absence of significant increased number of inflammat- 
ory cells. It could be argued that PMNs and mono- 
cytes/macrophages do not infiltrate early after 
reperfusion but only adhere long enough to the activ- 
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ated endothelium to release their enzymes (like MPO) 
and to interfere with microcirculation with blockage of 
the vascular flow in the capillary network ("no refiow') 
[41,42], followed by re-entry to the circdation ('hit- 
and-run* phenomenon). In this respect, MPO activity 
reflects in fact more the activation of the adhering 
mflammatory cells and eventual of residential inter- 
stitial macrophages, resulting from post-ischaemic 
chemotactic and other cytokine activation, rather than 
infiltration itself. After tiiis first critical period of 24 h, 
the number monocytes/macrophages was 12-25 times 
higher than the scarcely present PMNs, which 
remained comparable to control values. This indicates 
that firm adhesion and diapedesis has taken place, gen- 
erating the classical infiltration and proliferation 
observed in many conditions (ischaemia, HgCl2, 
obstruction, etc.). It could be suggested therefore that 
the immediate beneficial functional effect of anti- 
adhesion therapy with for example antibodies to 
ICAM-1 and LFA-1, has to be explained at the level of 
early intravascular (microcirculation) leukocyte activa- 
tion, and adhesion, but not at the level of the interstitial 
infiltration, which appears slightly later, at a time when 
the functional recovery is already operational. 

Secondly, we could demonstrate that MPO activity 
is not a specific measure of PMN presence, since MPO 
content of post-ischaemic tissue reflects not only pres- 
ence of PMNs but at least also of monocytes/macro- 
phages and/or of activated residential interstitial 
macrophages [30,43,44]. In addition, by combined 
histochemical and immimohistochemical methods, we 
could demonstrate naphthol AS-D chloroacetate 
esterase activity in macrophages, present in the renal 
interstitium after I/R. Again, the latter staining is 
extensively used as specific for PMNs [10,12,21]. 
Finally, staining of ED-1 (specific for macrophages) 
followed by HIS-48, a monoclonal antibody considered 
to be specific for polymorphonuclear cells, showed that 
macrophages also react with mAb HIS-48. Flow cyto- 
metric analysis of circulating white blood cells demon- 
strating the high afiinity of macrophages for the anti- 
HIS-48 antibody, supported this result. Hence, none of 
the so-called cell-specific stainings for PMNs have 
proved to be specific for this particular cell type, and 
cross-react with monocytes/macrophages. The H&E 
staining (morphology of cell nucleus) remains the gold 
standard for identification of PMNs. MPO assays or 
chloroacetate esterase stainings should be regarded as 
tools to quantitate both PMNs and monocytes/macro- 
phages. These observations explain the long lasting and 
frequently observed dissociation between the use of 
H&E staining vs enzymatic and/or membrane markers 
in the identification in the number of neutrophils [ 1 ,45]. 

Three days post-I/R, functional recovery starts, at 
the moment of maximum tubular cell proliferation. 
Only later, after 5-10 days, the mononuclear infiltrate 
becomes quite pronunent, consisting of a sequential 
accumulation and proliferation of monocytes/macro- 
phages and helper T-cells, a few suppressor/cytotoxic 
T-cells and no B-cells. These cells are most prominent 
at the site of maximal damage/regeneration, which is 
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the OSOM and medullary rays. The total number of 
adhering/infiltrating PMNs in the diflferent nephron 
segments remained imchanged up to 10 days post-I/R, 
their absolute number in the interstitium remaining far 
beyond that of other inflammatory cells. 

In conclusion, the non-specificity of the so-called 
neutrophil-specific identification methods (MPO- 
activity, naphthol AS-D chloroacetate esterase or mAb 
HIS-48 staining), cross-reacting with monocytes/ 
macrophages, explains the controversy in the literature 
concerning the number of PMNs m post-ischaemic 
injiury. The only reliable method to quantitate PMNs 
remains H&E staining. Twelve to 24 h after severe 
warm I/R renal injury, a pronounced acute tubular 
necrosis occurs in the absence of a marked cellular 
infiltrate, along with a striking increase of MPO 
activity. This important MPO activity in this very early 
critical post-ischaemia period most probably reflects 
the activation of the adhering inflammatory cells 
(PMNs and monocytes/macrophages). Only at the 
later time of regeneration a sequential infiltration/pro- 
liferation of monocytes/macrophages and T-cells 
becomes prominent. The total number of PMNs 
remained low during the first 10 days post-I/R. These 
observations underscore an early effect of the few activ- 
ated neutrophils, associated with the higher nimiber of 
activated monocytes/macrophages. 
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Abstract 

We sought to understand the relarionship between reactive oxygen species (ROS) and the mi- 
tochondrial permeability transition (MPT) in cardiac myocytes based on the observation of in- 
creased ROS production at sites of spontaneously deenergized mitochondria. We devised a 
nev^ model enabling incremental ROS accumulation in individual mitochondria in isolated 
cardiac myocytes via photoactivation of tetramethylrhodamine derivatives, which also served 
to report die mitochondrial transmembrane potential, A^. This ROS accumulation reproduc- 
ibly triggered abrupt (and somerimes reversible) mitochondrial depolarization. This phenome- 
non was ascribed to MPT induction because (a) bongkrekic acid prevented it and (b) mito- 
chondria became permeable for calcein (^620 daltons) concurrendy with depolarization. 
These photodynamically produced "tri^ring" ROS caused the MPT induction, as the ROS 
scavenger Trolox prevented it. The time required for triggering ROS to induce the MPT was 
dependent on intrinsic cellular ROS-scavenging redox mechanisms, particularly glutathione. 
MPT induction caused by triggering ROS coincided with a burst of mitochondrial ROS gen- 
eration, as measured by dichlorofluorescein fluorescence, which we have termed mitochondrial 
"ROS-induced ROS release" (RIRR). This MPT induction/RlRR phenomenon in cardiac 
myocytes often occurred synchronously and reversibly among long chains of adjacent mito- 
chondria demonstrating apparent cooperativity. The observed link between MPT and RIRR 
could be a fundamental phenomenon in mitochondrial and cell biology. 

Key words: mitochondria * redox • heart • nitric oxide • Ca^'*' sparks 



Introduction 

Beyond a fundamental role in energy metabolism, mito- 
chondria also play key roles in maintenance of cellular redox 
potential (1), Ca^'*' homeostasis (2), and apoptosis (3). A 
central event in apoptosis is now known to be a phenome- 
non called the mitochondrial permeability transition (MPT)^ 
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(for review see references 4 and 5). In addition, mitochon- 
dria arc both a major source of reactive oxygen species 
(ROS; reference 6) and a target for their damaging effects 
(7). Understanding the interplay among these roles and 
ROS in both normal and pathological conditions has led to 
renewed interest in mitochondrial fiincrion and the MPT. 

Observed originally in isolated liver mitochondria (8), 
the MPT is a proteinaceous pore or megachannel resulting 
in permeability to ions and solutes up to ^^1,500 daltons 
and collapse of the mitochondrial membrane potential 
(A^ (2, 4). Many agents or conditions have been shown 
to cause pore opening in isolated mitochondria, most nota- 
bly high Ca-'*' loading and various treatments that cause ox- 
idative stress (2). In addition, the MPT is regulated by A^, 
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H+, Mg^*^. adenine nucleotides, NAD(P)H, and the redox 
state of critical protein thiols (9, 10). 

Mitochondria and the MPT play major roles in cell 
death. Agents that block the MPT (cyclosporin A, 
bongkrekic acid [BA]) block apoptosis (3, 11). Various oxi- 
dants stimulate whereas antioxidants inhibit apoptosis, sug- 
gesting a role for ROS as initiaton or downstream media- 
ton of apoptosis (12). In addition, mitochondrial proteins 
(certain caspases, an apoptosis-inducing factor, and cyto- 
chrome c) diat are released upon irreversible MPT activa- 
tion play major roles in apoptosis (3). 

A role for the MPT in normal cell function has also been 
proposed, especially in the context of Ca^"*" homeostasis. 
Physiological stimuli can result in increases in mitochon- 
drial Ca^"*" (for review sec reference 13), coupling energy 
demand to ATP production (14) via activation of rate-lim- 
iting steps in the respiratory chain (15). As sequential pulses 
of Ca^"*" could summate and produce an overload of mito- 
chondrial Ca-"^, the MPT might serve a physiological func- 
tion to counteract this accumulation by serving as a fast re- 
versible Ca^"*" release channel (9). While Hunter and 
Haworth (8) initially observed MPT reversibility in suspen- 
sions of isolated mitochondria, a physiologic role for the 
MPT in the regulation of mitochondrial Ca^"*" homeostasis 
remains speculative. 

Because mitochondria are themselves the major intracel- 
lular sources of ROS production, together vsdth the fact that 
ROS exposure and altered redox state can lead to the MPT, 
we hypothesized that under certain circumstances this bio- 
logical system could become self-amplifying and unstable. 
Thus, we sought to understand how these mechanisms are 
related and controlled in intaa cells. Use of confbcal mi- 
croscopy enabled the recent demonstration of MPT gating 
in isolated individual mitochondria that was inhibited by 
catalase (16), supporting cawation by ROS. This technique 
has also been used to show opening of the pore in hepato- 
cytes exposed to MPT inducers (17). We addressed the role 
of ROS during MPT induction using isolated adult cardiac 
myocytes, taking advantage of the rigid, lattice-like distri- 
bution of mitochondria suitable for high precision confocal 
line-scan imaging. We present a model of controlled, pho- 
toexcitation-induced ROS production within individual 
mitochondria in these intact cells that triggers MPT induc- 
tion in a reproducible and frequently reversible Eshion. We 
have also identified a novel phenomenon resulting from this 
ROS-triggering of the MPT, which we have termed 
"ROS-induced ROS release" (RIRR). 



Materials and Methods 

Cardiac Myocyte halation. Single cardiac myocytes were iso- 
lated from adult rats (2-4 mo old) by a standard enrymaric tech- 
nique (18), Cells were suspended in Hepes-buffered solution 
containing (in millimoles per liter) 137 NaCl. 4.9 KCI, 1.2 
MgS04, 1.2 NaH2P04, 15 ^ucose, 20 Hepes, and 1.0 CaClj. pH 
7.4, and stored at room temperature undl use. 

Confocal MicToxopy. Myocytes were loaded with dyes for 
>20 min on a microscope stage, incubated in Hepes-buflfered so- 



lution (same composition as the storage solution) at 23^C, and 
imaged with a LSM-410 inverted confocal microscope using a 
Plan-Neofluar 63X/1.4N.A. oil immersion lens (Carl Zeiss, 
Inc.). Time scans were recorded from mitochondria arrayed 
along individual myofibrils in a multichannel line-scan mode 
with excitation at both 488 nm (for 2, 7-dichlorodihydrofluores- 
ccin diacetate [DCFl, diaminofluorcscein diacetate [DAF]-2. and 
calccin-AM) and 568 nm (for TMRE, TMRM [tctramcthyl- 
rhodamine, methyl and ethyl ester, respectively], and Mi- 
toTrackei® Red CMXRos; Molecular Probes. Inc.). coUecdng 
simultaneous fluorescence emission at 515-540 nm and >590 
run, respectively. Each image consisted of 512-1,024 line scans 
obtained at 2-230 Hz, each line comprising 512 pixek spaced at 
O.OSO-M^m intervals. The confocal pinhole was set to obtain spa- 
tial resolutions of 0.4 p,m in the horizontal plane and 1.0 |xm in 
the axial dimension. Some protocols were performed using 351 
nm excitation, collecting 400-^35 nm fluorescence emission, us- 
ing a Zeiss c-apo 63X/1.3N.A. water immersion lens. Experi- 
ments were carried out at 23**C. Image processing was done listng 
MecaMorph® software (Universal Imaging). 

Determination of Glutathione. Total glutathione (GSH) and 
glutathione disulfide (GSSG) were measured with the 5,5'- 
dithiobis(2-nitroben2oic acid) (DTNB)-GSSG reductase recy- 
cling procedure according to Anderson (19) with minor modifi- 
cations. Glutathione concentrations were cdculated in relation to 
the 5-thio-2-nitrobenzoate (TNB) formation kinetics of identi- 
cally processed GSH and GSSG standards. For determirution of 
GSSG. the samples were treated with 2-vinylpyridine before ad- 
dition to the reaction mix. Protein was determined from the cen- 
trifijged cell lysate before acid precipiution (BioRad Protein As- 
say Kit). 

Electron Spin Resonance. Electron paramagnetic resonance 
(EPR) spectra were recorded in a quartz flat cell with a Brukcr 
ER 300 spectrometer operating at X-band with a TM^q cavity 
using a modulation frequency of 100 kHz, modulation amplitude 
of 0.5 G, microwave power of 20 mW, and microwave fre- 
quency of 9.785 GHz. Photoactivation of solutions of TMPJVl 
(100 p.M) in Hepes-buffercd medium containing 5-dicthoxy- 
phosphoryl-5-methyl-l-pyrToline-N-oxide (DEPMPO; 10 mM) 
or 5,5-dimethyl-l-pyrroline-N-oxide (DMPO; 100 mM) inside 
the EPR cuvette was produced by exposure to light from a 300 W 
halogen projector bulb passed through a 546 nm center/ 10 nm 
FWHM band pass filter (Corion). Temperature of the specimen 
was maintained at 23^C. 

MatenaU, TMRE, TMRM, calcein-AM, MitoTracker Red 
CMXRos, and DCF were purchased from Molecular Probes, 
Inc.; diethylmaleate (DEM), Nco-nitro-i-aiginine methyl ester 
(L-NAME) and oligomycin were from Sigma-Aldrich; S-nitroso- 
N-acetylpenicillaminc (SNAP), DAF-2. Mn(lII)tetrakis (1- 
methyI-4-pyridyl)porphyrin pentachloride (MnTMPyP), 1 ,2-bis(o- 
amino-5-fluorophenoxy)ethane-N,N,N',N'-tetraacetic acid tetra 
(acetoxymcthyl) ester (]3APTA-AM), Ru360, and 6-hydroxy- 
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were 
from Calbiochem; and BA was fitjm A.G. Scientific, Inc. All 
other chemicals were of the purest reagent grade available. 



Results 

Spontaneous ROS Production at the Sites of Deenergized Mi- 
tochondria, Mitochondria in freshly isolated adult rat car- 
diac myocytes are normally arrayed in a three-dimensional 
"lattice" of parallel rows surrounding the contractile myo- 
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Hg;are 1. Spatial organization and 
function of mitochondria in isobted adult 
T3t catdiac myocytes. (A) Confocal plane 
of a myocyte loaded widi TMRM (12S 
nM; bar = 5 M.m). (B) z-$ection through 
A (l-)xm resolution). Arrows in A and B 
denote mitochondria lacking TMRM se- 
questration. (Q Sponuneous ROS pro- 
duction at sites of low mitochondrial 
membrane potential: red, TMRM (125 
nM) fluorescence; green, DCF (10 \lM) 
fluorescence, p) Exposure to antimycin 
A (25 piM) produces widespread numbeis 
of depolarized mitochondria (loss of red 
TMRM fluorescence) together with in- 
creased ROS production (increased green 
DCF fluorescence). (E) Pretreatment with 
die ROS scavenger Trolox <2 mM) pre- 
vents the antimycin A-induced mito- 
chondrial depolarization seen in D (cell la- 
beled with TMRM and DCF as in D), 
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filaments, as seen in cells loaded with the lipophilic cat- 
ionic fluorophore TMRM accumulated by mitochondria 
in proportion to (Fig. 1, A and B). Given the degree 
of TMRM concentration in mitochondria compared with 
aU other cellular compartments, the extramitochondiial 
space appean black by contrast. Mitochondrial rows in the 
axial (or "z") dimension are sufficiently &x apart (Fig. 1 B), 
so (hat confocal imaging with 1-jxm z-resolution would 
encompass a single mitochondrial thickness. 

In TMRM-loaded cells, occasional discrete areas of the 
mitochondrial lattice lack fluorescence above background 
despite the (expected) presence of mitochondria (Fig. 1 , A 
and B, arrows), suggesting that A^ has been locally dissi- 
pated. Hypothesizing that these deenergized mitochondria 
exhibit increased ROS production, these black "holes" in 
TMRM mitochondrial fluorescence were sought in cells 
dual-loaded with TMRM and the ROS-sensitive dye 
DCF. Fig. 1 C shows such a cell loaded with both TMRM 
(red) and DCF (green) in which a discrete area of two or 
three mitochondria have lost A'^ (dark holes in red fluo- 
rescence; arrow) in precisely the same region in which 
increased DCF fluorescence is seen. This suggests that 
spontaneously deenergized mitochondria could produce 
significandy elevated leveb of ROS, at least transiendy. 



The next series of experiments employs a novel method to 
study the reladonship between mitochondrial and 
ROS producrion in live cells. 

ROS Triggers the Abrupt Loss of Mitochondrial in Car- 
diac Myocytes, In the case of these spontaneously deener- 
gized mitochondria, it was unclear whether local buildup 
of ROS caused or was the result of the loss of A^. Increas- 
ing endogenous ROS generation using the Complex III 
inhibitor antimycin A (25 pM) produced widespread num- 
bers of depolarized mitochondria with increased ROS pro- 
duction in cells loaded with both TMRM and DCF (Fig. 1 
D). That this effect of antimycin A was prevented by the 
ROS scavenger Trolox (2 mM) provided further evidence 
that local ROS accumulation was likely involved in this 
loss of A^ (Fig. 1 E). As ROS are formed as a byproduct of 
photoexcitation, we set out to prove the causative role of 
ROS in this process by devising a laser excitation/confocal 
fluorescence imaging protocol using mitochondrially se- 
questered probes to follow A'^ and simultaneously cause 
the incremental photoproduction and accumuhtion of 
ROS inside of specific mitochondria (Fig. 2 A). The line- 
scan (X-T) image in a TMRM-loaded cell, which displays 
how A^ varies with time in individual mitochondria by 
inspecting die fluorescence intensity along vertical columns 
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(time axis), shows a series of abrupt transitions (i.e., loss of 
fluorescence) in each mitochondrion, occurring at variable 
points during scarming (Fig. 2 A, bottom panel). This pat- 
tern of photoexcitation-induced A"^ loss in TMRM- 
loaded cells is characterized by its mean occurrence time, 
which is typically between 60 and 90 s (Fig. 2 B). Photoex- 
citation of TMRM causes the production of both -02- and 
♦OH as measured by EPR spectroscopy (Fig. 2 C). Nota- 
bly, Trolox is a potent scavenger of the ROS produced un- 
der these conditions. 

RO&induced A'^ Loss Occurs Cooperatively and Revers- 
ibly. The typical pattern of ROS-induced loss occun 
synchronously, or "cooperatively,*' between mitochondrial 
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Figure 2. Experimental model: line scanning of mitochondrial arrays 
and photocxciiation ROS production. (A) Upper panel, confocal image 
of fluorescence in TMRM-loadcd (125 nM) cardiac myocyte. Line 
drawn on image shows position scanned for experiment in bottom 
panel. Bottom panel shows 2 Hz line-scan image of TMRM fluores- 
cence along mitochondrial row, time progresses &om top (total scan 
256 s). The dark regions between vertical coluirms are junctions be- 
tween mitochondria. The sudden dissipadon of TMRM fluorescence 
(white-to-black transitions) indicates mitochondrial loss. (B) Fre- 
quency distribution of cransinon times (time to 50% dissipadon of 
for die mitochondrial ensemble during line-scan imaging at 2 Hz 
as in A (« = 5 cells). (C) EPR spin-trapping, measured as die formation 
of DEPM?0/*OH and -02" adducts during photoactivation of 
TMRM solutions. The system consisted of TMRM (100 jtM) and 
DEPMPO (10 mM) in Hepes-buffcred medium, pH 7.4, maintained at 
23**C. While no signal was seen without light (a), a prominent spectrum 
of the DEPMPO/ 'OH (o symbol labeling central peaks) and '02" 
(*central peaks) adduces was seen during illumination (6) and abolished 
pairially (50-60%) by catalasc (100 U/ml; c) or completely by SOD 
(1.000 U/ml; d). Trolox (2 mM) quenched these illumination-depen- 
dent »gnah by ^^60 ± t0% and produced a superimposed intense 
seven-line EPR signal of the Trolox-derived phenoxyl radical (e). Each 
spectrum is the sum of 24 l-min sequential acquisitions. 

pairs along one sarcomere, with occasional higher order 
synchronization (Fig. 2 A). Infrequently, long-range syn- 
chronization between extended mitochondrial groups is 
observed (>30 mitochondria, over ^^35 jim. < 500 ms; 
Fig. 3 A). Notably, this phenomenon remains synchronized 
during repeated episodes of dissipation and. more in- 
terestingly, even during the spontaneous and abrupt recov- 
ery of TMRM fluorescence. 

Clearly, large and abrupt changes in mitochondrial 
membrane permeability induced by ROS are responsible 
for these transitions. While these episodes of loss often 
proceeded to the apparent complete loss of dye fluores- 
cence, many examples were also observed of a step-wise 
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Figure 3. (A) Evidence of coopendvity and reversibility of H'MRM) dissipadon duiing 2 Hz line^scan imaging. (B) Hie abrupt dissipation phase 
of TMRM fluorescence during line-scan imaging can be described by first-order kinetics. In this escample, the dissipation of A^ in a single mitochon- 
drion occurs in step-wise fashion over several seconds. The inset shows all of the segments with negative slope (joined together; after background sub- 
traction), fit by a single exponential model widi Xyi ~ 0.54 s. 



progression by individual mitochondria (Fig. 3 B). This 
finding raises the question of whether this permeability 
phenomenon in general was the result of single or multiple 
conductance states. The inset in Fig. 3 B, using the data 
from this representative example, shows that each fluo- 
rescence segment (joined together) is well fit by a single 
exponential model. Indeed, an apparent single-state con- 
ductance behavior appears to be a general result, because 
first-order TMRM cflElux kinetics described by the same 
rate constant (1.27 ± 0.12 s"^) during MPT induction was 
consistendy found in all of the cases examined (n = 12) re- 
gardless of step-wise or continuous progression. 

RIRR in Single Mitodtondria. Observing the spontane- 
ous occurrence of high local ROS production at the sites of 
deenergized mitochondria (Fig. 1 C)» we sought to dis- 
cover whether the loss of A'^ induced by laser scanning 
would also be accompanied by increased ROS production. 
In cells dual-labeled with TMRM and DCF (Rg. 4), line- 
scan imaging induced loss, but in addition, there was 
an obvious "ROS burst" in each mitochondrion begirming 
at the moment of A^ loss. ROS production proceeded in 
two distina phases: the initial, slow rise due to the accu- 
mulation of photoexcitation-related ROS production, i.e., 
"trigger ROS, " followed by the ROS burst, occurring si- 
multaneously vath A'4^ dissipation, due to apparent mito- 
chondrial ROS production (Fig. 4 C). We have called this 
the "ROS-induced ROS release" (RIRR) phenomenon. 

The example in Fig. 4 D demonstrates coordinated flick- 
ering of A*^ (i.e., reversible loss and transient recovery of 
A^ as in Fig. 3 A) and RIRR in a single mitochondrion. 
Notably, that the mitochondrial ROS burst phase profile 
evolves virtually as the mirror image of A^ is not a fluores- 
cence artifact rebted to some interaction of TMRM and 
DCF or of their excitation/emission characteristics (i.e., an 
"inner filter** efiea), because RIRR can be demonstrated 



even in the absence of TMRM by performing laser line 

scanning using DCF itself as the photosensitizing species (at 
> 10-fold the excitation intensity needed for the ordinary 
fluorescence measurements, confirming the accompanying 
A'4^ loss by finding the dissipation of the 351 nm-excited 
fluorescence &om NAD(P)H, signifying its oxidation; not 
shown). 

Thus, a source of ROS is able to trigger a mitochondrial 
burst of ROS production. The next step was to prove that 
the source of the ROS bunt involved the diversion of elec- 
trons from the electron transport chain (ETC). The redox 
state of NAD(P)H (indicating the redox state of Complex 
I) was measured simultaneously with A^ during the usual 
line-scan imaging protocol (minimizing 351-nm exposure 
both by maximal attenuation of laser energy together with 
alternating scans with that for TMRM). The oxidation of 
NAD(P)H lags seconds behind the A^ loss (Fig. 4 E), 
which is compatible with the time course of the ROS burst 
(representing single-electron donation to oxygen) and the 
cessation of normal flow of respiratory chain electrons. 
Furthermore, the ROS burst magnitude upon MPT induc- 
tion is successively decreased with increasing exposure to 
the Complex I inhibitor, rotenone (0.1 and 1 ^M), at con- 
centrations not aflecting TMRM sequestration (Fig. 4 F), 
indicating that the ROS burst derives from the ETC. Nei- 
ther deferoxamine nor bathophenantroline (each 200 ^M) 
had any eflect in these experiments (not shown). 

Photodynamic Triggering of RIRR Does Not Depend on a 
Specific Sensitizing Huorophore. Thus far, the photoexcita- 
tion of rhodamines or DCF have been shown to initiate 
the RIRR process. Additional experiments in cells dual- 
loaded with the chemically distinct, A^-sensitive dye Mi- 
toTracker® Red CMXRos, together with DCF. yield the 
identical pattern of A^ loss and RIRR compared with that 
observed with the liiodamines (Fig. 5). 
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Figure 4. RIRA in single micochondria. Representative cell that was 
dual-loaded with 125 nM TMRM (for and 10 jiM DCF (for 
ROS). (A) Typical pattern of dissipanon at 10 Hz line-scan imaging. 
(B) Generation of ROS, as indicated by the increase in DCF fluores- 
cence (acquired simultaneously with A). (Q Temporal relationship be- 
tween and ROS production fiom the niitochondrial pair denoted by 
arrows in A and B. The trace at die bottom shows the hypothetical 
opening of die MPT pore. (D) Coordinated flickering of A^ and RIRR 
in a single mitochondrion at 2 Hz line-scan imaging. (£) Relationship 
between AN^ and NAD(P) redox state during die MPT. AY and die 
MPT are assessed by changes in the TMRM (125 nM) fluorescence and 
the intrinsic autofluorescence excited at 351 nm (index of NAD [P] redox 
state), respecuvely, during 2 Hz line-scan imaging. (F) Inhibition of mi- 
tochondrial electron transport at Complex I prevents the mitochondrial 
ROS burst after induction of the MPT. Cell loading with TMRM and 
DCF and line-scan imaging protocol, as in D, except for the exposure to 
rotenone (0.1 and 1 p-M) as indicated. Representative regions (encom- 
passing groups of about six mitochondria over three sarcomeres) from the 
respective 2 Hz line-scan protocols are shown from each experimental 
group (top panel). 
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5 pm 

Figure S. Triggering the RIRR process is not dependent on a sensitizing fluorophore. Cardiac myocyte dual-loaded with 400 nM MitoTracker Red 
CMXRos (AH^, red signal) and 10 pM DCF (ROS, green signal); confocal line-scan imaging ac 2 Hz. 



RIRR Initiation Requires Simultaneous MPT Induction, 
Given the abruptness of loss at the onset of RIPJ^. the 
most obvious candidate "pore" was the MPT, which al- 
lows nonspecific flux of molecules up to ~1.5 kD across 
the inner mitochondrial membrane. To test this possibility* 
cells were loaded with the acetoxymethylester derivative of 
calcein (a ~620-dalton inert fluorescent marker), empiri- 
cally resulting in a predominantly cytoplasmic compart- 
mentalization. Using TMRM photoexcitation to induce 
RIRR in these cells, we observed that individual mito- 
chondria accumulate calcein (as indicated by the increase of 
its mitochondria-localized fluorescence) at the moment 
that loss occurs (Fig 6 A). 

We further confirmed that MPT induction not only oc- 
curred at the commencement of RIRR but was also re- 
quired for its initiation altogether, by using the specific 
MPT inhibitor, BA (8). BA at low concentration (10 ixM) 
partially inhibits the MPT and RIRR, while at high con- 
centration (100 jjlM), MPT inhibition was virtually com- 
plete (Fig. 6, B and C). TMRM photoexcitation experi- 
ments using EPR demonstrated that BA (100 jxM) has no 
significant ROS-scavenging activity (not shown). Exposure 
to cyclosporin A (ranging from 0.2 to 4 fxM). however, 
had no eflfect on MPT induction (not showm). Although 
the MPT has been shown to be mediated by Ca^* in other 
models, nevertheless, neither buflTering intracellular Ca^"*" 
with BAPTA-AM (15 |JiM) nor inhibiting the mitochon- 
drial Ca2+ uniporter by Ru360 (6 ^iM) had any inhibitory 
effect in these experiments (not shown). 

Scavenging Trigger ROS, or Exposure to Exogenous NO, In- 
hibiu the MPT, To confirm that ROS triggered both 
MPT and ROS release, experiments were perfonned in the 
presence of 2 mM Trolox. Trolox treatment was found to 



prevent A*^ loss during laser line-scan imaging compared 
with control cells (Fig. 7 A). It is interesting to note that 
cells pretreated with the membrane-permeant superoxide 
scavenger Tiron (1-2 raM) or the superoxide dismutase 
(SOD) mimetics MnTBAP or MnTMPyP (500 |jlM each) 
&iled to alter the ability to induce the MPT (not shown). 
Based on the feet that Trolox, but not the '02" scavengen, 
prevented the MPT and RIRR, it is tempting to speculate 
that the important ROS species from the standpoint of 
MPT induction/RIRR is likely to be peroxide rather than 
'O2-. 

The oxidadon of critical thiols, probably on the MPT it- 
self, by ROS may be instrumental in MPT induction. 
Thus, S-nitrosylation of these critical thiols (i.e., via nitro- 
sative stress) could alter their susceptibility to oxidative 
stress. In support of this notion, MPT induction was de- 
layed by more that twofold in cells treated with 100 fiM 
SNAP versus control (Fig. 7 A). Since the MPT was appar- 
ently stabilized rather than hastened by the SNAP treat- 
ment, it would seem that generation of peroxynitrite, a po- 
tent inducer of the MPT in isolated mitochondria, was 
minimal during the trigger stage. 

Given the apparendy protective role of exogenous NO 
against MPT induction in cardiac myocytes and the likeli- 
hood that endogenous production of NO in these cells 
could be playing important regulatory roles in excitation- 
contraction coupling (20, 21), we tested whether NO syn- 
thase inhibition would affect MPT induction. Pretreatment 
of cells with 1 mM L-NAME, which was associated with 
considerably increased variability of the times to MPT in- 
duction, nevertheless caused overall shorter times venus 
control (Fig. 7 A) and abolished spontaneous MPT revenal 
(not shovm). The time course and localization of endoge- 
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Figure 6. Demonstration of MPT induction 
by photoexcited trigger ROS. (A) Cells dual- 
loaded with TMRM (A^ and calcein-AM 
(die latter loaded under concUtions that results 
in a cycosoUc discribudon initially in excess over 
that in mitochondria); Un&^can imaging at 20 
Hz. (B) 10 |JlM BA partially inhibits the MPT 
(A^; a and b) and RIRR (ROS; c and d) ver- 
sus control. Cells were dual-loaded with 
TMRM and DCF; line>scan imaging at 2 Hz. 
(Q 100 JAM BA completely inhibits the MPT 
versus control. Cells are loaded with 125 nM 
TMRM; line-scan at 2 Hz. 



nous NO production in relationship to MPT induction 
was examined using celk loaded with DAF-2, which de- 
velops fluorescence upon reaction with NO. Fig. 7 B 
shows an increase of mitochondrial fluorescence in cells 
loaded with DAF-2 after MPT induction (suggesting that 
NO production has occurred in these areas) but with rela- 
tively slower kinetics compared with the ROS burst; the 
specificity of this phenomenon is demonstrated by the fact 
of its inhibition by L-NAME. 

Altered MPT Characteristics due to Changes in Redox State 
of Soluble and Protein Thiols. The data so far surest that 
when levels of triggering ROS accumulate past an appar- 
ent critical threshold, MPT induction occurs, precipitating 
the bunt phase ROS generated by (hat particular mito- 
chondrion. Assuming that MPT induction in these experi- 
ments resulted from the oxidation of critical protein thiols, 
and since glutathione is one of the primary redox buffer 
systems that defends protein thiols against oxidative stress, 
we examined how changes in this redox buffer induced by 
DEM exposure would affect MPT induction. Depleting 
cellular glutathione with 600 |JiM DEM consistently short- 
ened the MPT induction time by 50-60% (Fig. 8 A). At 



hi^er concentrations, DEM is known to eliminate essen- 
tial thiols (22) forming thioester adducts. Fig. 8 B shows a 
characteristic, unstable pattern of MPT flickering during 
scanning in a representative cell exposed to 5 mM DEM, 
with remarkably repetitive cycles of abrupt loss and re- 
covery that are clearly synchronized across large numbers 
of mitochondria. 

Induction oJCc^-^ Sparks after the MPT RJRR. This newly 
described RIRR phenomenon, though only seconds in du- 
ration, produces an apparendy significant burst of local ROS 
that could have immediate consequences for the local cellu- 
br homeostasis. In particular, since oxidative and nitrosadve 
stress can modulate the spontaneous activity of the ryano- 
dine receptor (see reference 21), we examined the nature of 
Ca^"*" spark activity in the "wake" of MPT induction. As 
shown in Fig. 9 in a representative cell dual-loaded with 
TMRM and the Ca-'^-sensitive dye fluo-3, there is fre- 
quendy a period of significandy increased Ca^*^ spark fre- 
quency at die z-]ines (i.e., the site of the T tubule-sarcoplas- 
mic reticulum junction) in the immediate vicinity of the 
mitochondrion shortly after MPT induction. Ordinarily, the 
spontaneous background (stochastic) event rate is about two 



1008 Mitochondnal ROS-induced ROS Release and MPT 



|A 




CONTROL TROLOX SNAP L-NAME 




L-NAME 



2 sec 



Figure 7. Scavenging the ROS trigger or 
exposure to exogenous NO inhibits the 
MPT. Cells loadea with 125 nM TMRM 
and confocal Unc-scan-imagcd at 2 Hz. (A) 
Mean dme to MPT induction in control 
versus pretreated cells as indicated: Trolox 
(2 mM); SNAP (100 jlM); L-NAME (1 
mM). Data represent the average from 8^10 
cells in each group. (B) Evidence of endog- 
enous producdon of NO by mitochondria 
after MPT induction and inhibition by 
L-NAME (4 mM). Myocytes were loaded 
with 125 nM TMRM (red) and 10 mM 
DAF-2 (green) and line scanned at 100 Hz. 
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to tliree sparks per 100 \im's. However, in proximity of the 
MPT (defined as within the sarcomere containing the in- 
volved mitochondria and within 3 s after MPT occurrence), 
the event rate approximately doubles to about five to six per 
100 \Lm'S (P < 0.05; Fig. 9, inset). While ordinary back- 
ground Ca^"^ sparks are typically sin^e events, the MPT-asso- 
dated ones firequendy occur as clusters, as seen in Fig. 9. 



Discussion | 

We present a novel method to selectively expose arrays J 

of mitochondria in isolated live adult cardiac myocytes to g 

incremental doses of ROS by photoactivation of mito- o 

chondrial dyes while simultaneously recording functional % 

mitochondrial parameters, including A^, ROS generation, 5 

NO production, permeability changes, and redox state. |n 




Figure 8. Altered MPT characteristics after modulation of the redox state of soluble and protein thiols. (A) Comparison of MPT times (during 2 Hz 
line-scan imaging in TMRM-loaded cells) and cellular gluathione content in control vcnus 600 pM diethylmaleate-treated cells. (B) Development of 
apparent unstable MPT pore flickering during 2 Hz line-scan inuging in a representative TMBJVl-loaded (125 nM) cell exposed to 5 mM dicdiylmalc- 
ace. Arrows indicate movement arti&cts. 
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Hgure 9. Induction of Ca'"*" sparks after the 
MPT. Cell is dual-loaded with 125 nM 
TMRM (A^ and fluo-3 (Ca^"^) and line-scan 
imaged at 230 Hz. Representative example 
showing the dissipation of TMRM fluores- 
cence from a single mitochondrion and a cluster 
of Ca'"*^ sparks in the immediate vicinity, within 
seconds of MFT induction. Inset: comparison 
of Ca** spark rate in proximity of MPT occur- 
rence (lc, within the satcomere containing the 
involved mitochondria and within 3 s after 
MPT occurrence; « = 90 sparks) versus diat at 
bactqB;round (n = 150 ^arks; P < 0.05). 



This method of localized excitation causes generation of 
'^triggering'* ROS inside individual mitochondria, enabling 
us to demonstrate the induction of the MPT, and its spon- 
taneous reversibility, in intact ceUs. The duration of expo- 
sure to the triggering ROS necessary to induce the MPT 
was dependent on the intrinsic ROS-scavenging ability of 
the cell, as MPT times were dependent upon the cellular 
glutathione content. We demonstrate that ROS specifically 
triggers the MPT, because ROS scavengers prevent it. 

We term this new mitochondrial phenomenon "ROS- 
induced ROS release" (RIRR) by analogy to the phenom- 
enon of "Ca2+-induced Ca2+ release" (23). Upon MPT in- 
duction, A"^ rapidly dissipates, followed by a "burst phase" 
of ROS generated by that particular mitochondrion and 
lasting '^^S-IO s (Fig. 4). Occasionally, contiguous mito- 
chondria, in groups of at least 5-10, were observed to un- 
dergo synchronous cycles of both induction and reversal of 
the MPT (Fig. 3). These experiments also show that trig- 
gering ROS are not entirely sufficient for the development 
of burst phase ROS production by mitochondria. If the 
MPT is prevented with BA and maintained indefi- 
nitely, then no burst phase occurs. Thus, it appears that 
trigger ROS induction of the MPT causes the mitochon- 
drial ROS burst. 

Photoinduction of the MPT RIRR process in mito- 
chondria loaded with fluorescent probes is apparendy due 
to the generation of photoproducts, probably originating 
from singlet oxygen {^O^ and '02"*. 'O2 is believed to be 
the primary ROS resulting from the energy transfer from 
the excited rhodamine molecule to oxygen (24), and this 
would be expected to induce lipid peroxidation (alkoxyl 
and peroxyl radicals). '02^ is an effective oxidant itself but 
can also be transformed by dismutation into H202f which, 
in the presence of Fe^'*', forms the strong oxidant >OH by 
the Fenton reaction (25). Indeed, we demonstrated by 
EPR that illumination of TMRM solutions produce -02" 
and -OH signals that were suppressed by SOD or catalase, 
respectively, and scavenged by the ot-tocopherol derivative 



Trolox (Fig. 2 C). Furthermore, Trolox prevention of the 
MPT RIRR phenomenon argues for initiation by ROS, 

As Trolox has a broad antioxidant capacity, we also per- 
formed experiments with other ROS scavengers with more 
selectivity. In contrast to the results widi Trolox, the super- 
oxide radical scavenger Tiron as well as the SOD mimetics 
MnTBAP and MnTMPyP were ineffective. This pointed 
to the likely importance of peroxide rather than *02''. and 
possibly the Fenton reaction, in our experiments. Not sur- 
prisingly, the impermeable antioxidant catalase (1,500 U/ml), 
which catalyzes the transfonnation of H2O2 into water and 
oxygen, was ineffective. In addition, the iron chelators def- 
eroxamine and bathophenantroline had no effea on the 
MPT induction, suggesting that Fenton chemistry may not 
be playing a significant role in induction of MPT RIRR. 
This suggests that peroxides (and possibly ^O^ form the 
principal trigger ROS in our experiments. This is sup- 
ported by the observation that catalase is effective in block- 
ing A^ loss induced by excitation of TMRE-loaded, iso- 
lated mitochondria (16). However, it is possible that the 
lack of e£fect of deferoxamine might be due to its much 
higher affinity for Fc*"** compared with Fe^''', which cata- 
lyzes the Fenton reaction, while bathophenantroline is 
known to be poorly cell membrane permeable. 

It would be reasonable to assume that these triggering 
ROS would eventually oxidize some critical protein tar- 
gets, such as regulatory thiols (26), but that the cellular re- 
dox scavengers would tend to prevent this. Thus, it was 
important to establish that the soluble redox buffer capac- 
ity, principally GSH, would govern the characteristic delay 
between the trigger ROS onset and MPT induction/ 
RIRR. This was confirmed using 0.6 mM DEM, which 
conjugates to nonprotein thiols (27) and caused both deple- 
tion of cellular GSH and the decrease in the time to MPT 
induction by 60% (Fig. 8 A). 

Several independent lines of evidence lead to the con- 
clusion that photoactivation-produced triggering ROS in- 
duces the MPT in cardiac mitochondria. Fim is the abrupt 
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collapse of and its prevention by the ROS scavenger 
Trolox. Second, an otherwise membrane-impermeant 
fluorescent molecule, calcein (^^620 daltons), originally 
present in the cytosol, enters mitochondria concurrendy 
with the loss of (Fig. 6 A). Third, inhibition of the 
transition by BA (Fig. 6 B), which inhibits the adenine nu- 
cleotide translocator (ANT) component of the pore and 
blocks the MPT (8). 

Cyclosporin A (0.2—4 jjlM) did not prevent the dissipa- 
tion of A^ in our experiments. Although cyclosporin A is 
a powerful inhibitor of the MPT in isolated mitochondria, 
it is known to be ineffective in blocking it in some cell 
types and under different conditions. For example, in isch- 
emia/reperfiasion models with rat heart, the protective ef- 
fect of cyclosporin A was observed over an extremely nar- 
row concentration range (28). Also, mitochondrial signal 
peptides (29), butylated hydroxytoluene (30). and thyrox- 
ine (31) each induce mitochondirial permeability that is cy- 
closporin A insensitive. 

Certain interesting MPT-related phenomena observed 
with this model provide mechanistic insights into the na- 
ture of the pore and of the communication between mito- 
chondria. Although MPT induction was most typically ob- 
served as a synchronous event among mitochondria within 
a single sarcomere, certain higher levels of coordination 
were occasionally seen, involving mitochondria in several 
longitudinally adjacent sarcomeres (observed even beyond 
the length of 15 sarcomeres; Fig. 3 A). Given the distance 
and timing of this synchronization, it would seem that the 
signal coordinating such long-range MPT induction cannot 
plausibly be conveyed by a simple chemical-difiiisive 
mechanism but rather must be transmitted along some 
electrical couphng ("cable") mechanism (32). Recendy, the 
propagation of a mitochondrial "redox signal" was shown 
to occur both within single cardiomyocytes as well as from 
one cardiac cell to another, demonstrating both intra- and 
intercellular mitochondrial communications (33), but this is 
likely a different mechanism from that observed here. 

One of the most important observations about the MPT 
from our experiments is that it can be spontaneously reven- 
ible. As with the pattern of synchronized pore openings, we 
observed synchronization of spontaneous MPT reversal 
among large mitochondrial groups (Fig. 3 A). This cyclical 
pattern of sequential induction and reversal of the MPT re- 
sults in an apparent "flickering" mode of A^ that eventu- 
ally becomes irreversible if the trigger does not cease. Re- 
versibility of the MPT induced by photoactivation has ako 
been observed in isolated heart mitochondria (16). 

Our data abo demonstrate that MPT induction can also 
occur in apparendy halting, step-wise fashion, achieving 
intermediate stable levels without complete loss of the A^- 
tracking dye fluorescence for several seconds at a time (Fig. 
3 B). These observations raise the question of whether the 
MPT pore operates in a single conductance state or if there 
are multiple possible subconductance states. Studies on iso- 
lated mitochondria suggest that there are indeed different 
conductance states of the MPT (9, 10). 



Our results in intaa cells, however, suggest that the 
MPT pore most likely exhibits only a single open sute and 
can flicker between the open and closed states. The regular 
structure of the cardiac myocyte and the confocal imaging 
conditions we used efiectively limit the optical section to 
that of a single mitochondrion. Therefore, it is unlikely that 
separate and unrelated events from overlying/underlying 
planes of mitochondria (i.e., in the axial dimension) are 
"contaminating" the recording. As all of the A'^'' fluores- 
cence decay segments during episodes of step-vsdse MPT 
progression (Fig. 3 B) can be described by the same frrst- 
order kinetic process (Fig. 3 B, inset), and, moreover, that 
all cells have the same rate constant of TMRM efilux dur- 
ing the MPT, the simplest explanation is that the MPT 
pore operates with a single open state conductance in the 
intact rat cardiac myocyte. 

DEM at levels an order of magnitude higher than diat 
needed to deplete glutathione (probably reacting with pro- 
tein thiols [22]) yields a striking result: the MPT induction 
pattern becomes characteristically unstable with unusual re- 
petitive cycles of abrupt loss and recovery (Fig. 8). This 
suggests that the tri^er ROS may target the same thiol 
moieties affected by this DEM exposure and possibly de- 
velops a certain dynamic "competition" between the for- 
mation of disulfide bonds and thioester adducts (of ethyl 
maleate) at the same critical target(s), each of which causes 
a protein conformational shift between the open and closed 
states (respectively) of the pore. 

This concept that the competition of reactive species 
may determine the stability of the regulatory thiol redox 
state is further supported by the finding that pretreatment 
of cells with the spontaneous NO donor, SNAP, delayed 
MPT induction (Fig. 7). NO may interact with protein 
thiols via S-nitrosylation, a physiologically revenible modi- 
fication that could alter the susceptibiUty to the SH/S— S 
transition, which is known to promote the MPT (4). In 
this case, NO could be regarded as a stabilizer of thiol 
groups against harsher oxidizing conditions (21). The over- 
all role of NO in induction of the MPT and in apoptotic 
cell death is not at all clear, with seemingly contradictory 
data derived from studies on isolated mitochondria and dif- 
ferent cell types (34—36). For example, NO has been 
shown to cause both induction of apoptosis through trig- 
gering the MPT (37, 38) as well as its inhibition at sites 
both upstream and downstream of cytochrome c release 
(39). Furthermore, NO- has been shown to protect cardi- 
omyocytes from oxidative damage induced by organic per- 
oxides (40), whereas NO' is damaging in postischemic 
myocardial injury (41). 

However, for cardiac cells, endogenous NO is likely to 
achieve micromolar levels in vivo, and, moreover, act in a 
beneficial manner as an essential modulator of excitation- 
contraction coupling (20, 21, 42) without causing apop- 
tosis. The protection from MPT induction in cardiac mi- 
tochondria by SNAP demonstrated in our experiments 
supports this concept. Furthermore, our observation of a 
slow, L-NAME-sensitive rise of the fluorescence of the 
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NO-sensitive dye, DAF-2, inside mitochondria after in- 
duction of the MPT is compatible with a slow generation 
of NO in (or near) mitochondiia after MPT induction 
(Fig. 7 B), Functionally, pretreacment of cardiac myocytes 
widi L-NAME was associated with considerably increased 
variability of the times to MPT induction but overall with 
a tendency to shorter times (Fig. 7 A) and an absence of 
spontaneous MPT reversal versus control (not shown), sug- 
gesting that endogenous NO may contiibute to some level 
of "protective" basal S-nitrosylation. 

It would seem that there is a specific mechanistic link be- 
tween MPT induction and RIRR, because other causes of 
rapid loss (Le., those not involving MPT induction) do 
not result in increased ROS production. In particular, ex- 
posure of cells to the mitochondrial uncoupler, carbonyl 
cyanide p-(triiluoromethoxy) phenylhydrazone (FCCP), 
which induces rapid loss via induction of a large mem- 
brane proton leak, occurs without any rise of ROS pro- 
duction (not shown). Furthermore, as RIRR can be com- 
pletely prevented by BA in spite of the prolonged exposure 
to the ROS trigger in this model, we concluded that MPT 
induction is obligatory for the ROS burst. It shows that 
ANT governs RIRR. 

The mechanism(s) of the ROS burst accompanying the 
MPT remains unclear, although under ordinary conditions 
mitochondrial Complexes I and III are believed to be the 
major sources of ROS (43--45). Separate e3q)eriments pre- 
sented here, (a) examining NAD(P)H oxidation and (b) us- 
ing rotenone, indicate that the diversion of electrons firom 
the respiratory chain provides the source of the ROS burst 
(Fig. 4, E and F). Given that trigger ROS cannot cause the 
ROS burst direcdy. it is tempting to speculate that occur- 
rence of the MPT itself could change the properties of the 
phospholipid bilayer surrounding the major mitochondrial 
en2ymes in the inner membrane, thus dramatically affecting 
their function. Indeed, MPT induction was found to alter 
the rigidity of the mitochondrial membrane, which could 
weaken protein-protein interactions necessary for proper 
function of the respiratory chain (46). If so, the ROS burst 
might be due to a block of the ETC caused by MPT in- 
duction. 

The role of mitochondria in maintaining the cellular 
Ca^"*" homeostasis is still under debate. In this connection. 
Bowser at al. (47) demonstrated that uncouplers or ETC 
inhibitors caused the progressive elevation of cytosolic 
[Ca^**^] and the frequency of Ca^"*" sparks. The latter repre- 
sents the fundamental Ca^"*" release process from the ryano- 
dine receptor of the sarcoplasmic redculum, which nor- 
mally is tri^ered by Ca^"*" influx through the adjacent 
sarcolemmal L-type Ca^"^ chaimels and serves to couple 
electrical excitation to Ca2"*'-mcdiatcd contraction in car- 
diac myocytes. In addition to this usual pathway, experi- 
ments here demonstrate that the ryanodine receptor also 
may be activated upon MPT induction (Fig. 9). Although 
it is possible that mitochondrial Ca^''" may contribute to 
Ca^"*" spark formation (47). we also cannot exclude the pos- 
sibility that such local Ca^*^ release from sarcoplasmic retic- 
ulum may be driven by ROS generated in and released by 



these adjacent mitochondria undergoing MPT induction (a 
"ROS-induced Ca^"*" release" mechanism). Specifically, it 
has been demonstrated that the oxidation of free thiok on 
the cardiac ryanodine receptor can lead to its activation 
(21). A similar process of prooxidant-induced Ca^"*" release 
has been discussed for mitochondria (48). At this point, we 
are unable to differentiate between the Ca^"*" versus ROS 
induction models driving these Ca^"*" sparks, because pri- 
mary perturbations in mitochondrial Ca^*** efrlux cannot 
readily be made without affecting underlying C^"** spark 
mechanisms, and paradigms involving scavenging ROS 
would prevent the induction of the MPT in the first place. 
Regardless of whether Ca^**" or ROS modulate this increase 
in Ca^^ spark frequency after MPT induction, this phe- 
nomenon could induce pathological disturbances in cardiac 
excitation and rhythm, for example, contributing to post- 
ischemic reperfiision arrythmias. 

We have identified a novel ROS-triggered phenomenon 
in mitochondria resulting &om MPT induction, called 
"ROS-induced ROS release" in cardiac myocytes. Given 
the likely dramatic cellular consequences of ROS produc- 
tion seen in these experiments and its obligatory connec- 
tion to the MPT, together with the fact that BA prevents 
both RIRR (this study) and apoptosis (11), it is tempting 
to speculate that these two phenomena are causally Hnked. 
Thus, the specific nature of the RIRR mechanism is prob- 
ably fiindamental, and we propose that it may be related to 
progranmied mitochondrial destruction in cardiac myo- 
cytes as weU as programmed cell death (apoptosis) in many 
cell types. 

We wish to thank Dr. K.W. Fishbein for help solving complex 
technical problems and Dr. E.G. Lakatta for useful discussions. 

This work was supported by the Intramural Research Program, 
National Institute on Aging (D.B. Zorov, C.R. Filbum, L.-O, 
Klotz, and S.J, Sollott); National Insdcutes of Health grants 
HL38324. HL52315. and HL63744 Q.h. Zwcicr); and Deutsche 
Fonchung^gemeinschaft grant KL 1245/1-1 (L.-O. Klotz). 

Submitted: 10 April 2000 
Revised: 16 June 2000 
Accepted: 24 July 2000 



References 

1. Williamson, J.R. 1979. Mitochondrial Rinction in heart. 
Anm. Reu. PhysioL 41:485-506. 

2. Gunccr, T.E., and D.R, Pfciflfer. 1990. Mechanisms by which 
mitochondria transport calcium. Am. J. Physiol 258:C755- 
786. 

3. Green, D.R., and J.C. Reed. 1998. Mitochondria and apop- 
tosis. Sciemt, 281:1309-1312. 

4. Crompton, M. 1999. The mitochondrial permeability transi- 
tion pore and its role in ceU death. Biochem.J. 341:233-249. 

5. Zoratti, M., and 1. Szabo. 1995. The mitochondrial perme- 
ability transition. Biochim. Biophys. Acta, 1241:139-176. 

6. Boveris, A., N. Oshino. and B. Chance. 1973. The cellular 
production of hydrogen peroxide. Biodiem.J. 128:617-630. 

7. Lenaz, G. 1998. Role of mitochondria in oxidative stress and 
ageing. Biochim. Biophys. Acta. 1366:53-67. 



1012 Mitochondrial ROS-induced ROS Release and MPT 



8. Hunter. D.R.. and R.A. Haworth. 1979. The Ca-+-induccd 
membrane transition in mitochondria. I. The protective 
mechanisms. Arch. Biochem. Biop/ij^. 195:453-459. 

9. Bemardi» P.. and V. Petronilli. 1996. The permeability tran- 
sition pore as a mitochondrial calcium release channel: a crit- 
ical appraisal./ Bioenerg. Biomembr. 28:131-138. 

10. Ichas, F.. and J.P. Mazat. 1998, From calcium signalii^ to 
cell death: two conformations for the mitochondrial perme- 
ability tiansition pore. Switching 6x>m low- to high-conduc- 
tance state. Biodiim. Biophys, Acta. 1366:33-50. 

11. Zamzami, N,, Sj\. Susin, P. Marchetti. T. Hirsch. I. Gomcz- 
Monteirey, M. Castedo, and G. Kroemer. 1996. Mitochon- 
drial control of nuclear apoptosis. J. Exp. Med. 183:1533- 
1544. 

12. Jacobson, M.D. 1996. Reactive oxygen species and pro- 
grammed ceU death. Trends Biochem. Sci. 21:83-86. 

13. Duchen, M.R. 1999. Contributions of mitochondria to ani- 
mal physiology: from homeosutic sensor to calcium signal- 
ling and cell death./ Physiol 516:1-17. 

14. Robb-Gaspcrs, L.D., P. Burnett, Gj\. Rutter. R.M. Den- 
ton, R. Razzuto, and A. P. Thomas. 1998. Integrating cyto- 
solic calcium signals into mitochondrial metaboHc responses. 
EMBO(Eur, Mel. Biol Organ.)], 17:4987-5000. 

15. Hansford, R.G. 1994. Physiological role of mitochondrial 
Ca2+ transport./ Bioenerg, Biomembr. 26:495-508. 

16. Huser, J., C.E. Rcchcnmachcr, and L.A. Blatter. 1998. Imag- 
ing the permeability pore transition in single mitochondria. 
Biophys.J. 74:2129-2137. 

17. Nieminen, A.L., A.K. Saylor, S.A. Tcs&. B. Herman, and 
J.J. Lemasters. 1995. Contribution of the mitochondrial per- 
meability transition to lethal injury after exposure of hepato- 
cytes to t-butylhydropcroxide. Biochem, J, 307:99-106. 

18. Capogrossi, M.C, A. A. Kort, H.A. Spurgeon, and E.G. 
Lakatta. 1986. Single adult rabbit and rat cardiac myocytes 
retain the Ca^"*"- and species-dependent systolic and diastolic 
contractile properties of intact muscle. / Gen. Physiol, 88: 
589-^13. 

19. Anderson, M.E. 1985. Determination of ^utathione and glu- 
tathione disulfide in biological samples. Methods EnzymoL 
113:548-555. 

20. Vila-Pctroff, M.G.. A. Younes, J. Egan, E.G. Lakatta, and SJ. 
SollotL 1999. Activation of distinct cAMP-dependent and 
cGMP-dependent pathways by nitric oxide in cardiac myo- 
cytes. Ore. Res. 84:1020-1031, 

21. Xu. L., J.P. Eu, G. Meissner, andJ.S. Stamler. 1998. Activa- 
don of the cardiac calcium release channel (ryanodine recep- 
tor) by poly-5-nitrosylation. Science. 279:234-237. 

22. Nishihau. T., LJ. Caldwell, and K. Sakai. 1988. Inhibitory 
effect of salicylate on 2,4-dinitrophenol and diethyl maleate 
in isolated rat intestinal epithelial cells. Biodiim, Biophp, Acta. 
970:7-18. 

23. Fabiato, A., and F. Fabiato. 1975. Contractions induced by a 
calcium-triggered release of calcium from the sarcoplasmic 
reticulum of single skinned cardiac cells./ Physiol 249:469- 
495. 

24. Shea. C.R., N. Chen. J. Wimberly, and T. Hasan. 1989. 
Rhodamine dyes as potential agents for photochemotherapy 
of cancer in human bladder carcinoma cells. Cancer Res. 49: 
3961-3965. 

25. Khan, A.U., and T. Wilson. 1995. Reactive oxygen species 
as cellular messengers. Chem. Biol. 2:437-445. 

26. Vercesi, A.E., AJ. Kowaltowksi, M.T. Grijalba, A.R. Mein- 
icke, and R.F. Castilho. 1997. The role of reactive oxygen 



species in mitDchondrial permeability tiansition. Biosd, Rep. 
17:43-52. 

27. Plunwner. J.L., B.R. Smith, H. Sies, and J.R. Bend. 1981. 
Chemical depletion of glutathione in vivo. Metliods Enzymol 
77:50-59. 

28. Griffiths. EJ.. and A.P. Halestrap. 1993. Protection by cy- 
closporin A of ischemia/reperfusion-induced damage in iso- 
lated rat hearts./ Mol Cell Cardiol 25:1461-1469. 

29. Sokolovc, P.M.. and K.W. Kinnally. 1996. A mitochondrial 
signal peptide from Neurospora crassa increases the permeabil- 
ity of isolated rat liver mitochondria. Ank. Biochem. Biophys. 
336:69-76. 

30. Kushnareva. Y.E., M.L. Campo, K.W. Kinnally. and P.M. 
Sokolove. 1999. Signal presequences increase mitochondrial 
permeability and open the multiple conductance channel 
Arch. Biochem. Biophys. 366:107-115. 

31. Malkevitch, N.V.. V.I. Dedukhova, R.A. Simonian, V.P. 
Skulachev. and A.A. Starkov, 1997. Thyroxine induces cy- 
closporin A-insensitive, Ca^'''-dependent reversible perme- 
ability transition pore in rat liver mitochondria. FEBS Lett, 
412:173-178. 

32. Amchenkova. A.A., L.E. Bakeeva. Y.S. Chentsov. V.P. 
Skulachev, and D.B. Zorov. 1988. Coupling membranes as 
energy-transmitting cables. I. Filamentous mitochondria in 
fibroblasts and mitochondrial clusters in cardiomyocytes. / 
Cell Biol 107:48l-*95. 

33. Romashko, D.N.. £. Maihan, and B. O'Rourice. 1998. Sub- 
cellular metabolic transients and mitochondrial redox waves 
in heart cells. Proc. Natl Acad. Sci. USA. 95:1618-1623. 

34. Balakirev, M.Yu, V.V. Khramtsov, and G. Zinmier. 1997. 
Modulation of the mitochondrial permeability transition by 
nitric oxide. Eur. J. Biocfiem. 246:710-718. 

35. Wink, D.A., and J.B. Mitchell. 1998. Chemical biology of 
nitric oxide: insights into regulatory, cytotoxic, and cytopro- 
tective mechanisms of nitric oxide. Free Rad. Biol Med. 25: 
434-456. 

36. Mutphy, M.P. 1999. Nitric oxide and cell death. Biochtm. 
Biopitys. Acta. 1411:401-414. 

37. Hortelano, S., B. Dallaporu, N. Zamzami, T. Hinch, S.A. 
Susin, I. Marzo. L. Bosca, and G. Kroemer. 1997. Nitric ox- 
ide induces apoptosis via triggering mitochondrial permeabil- 
ity transition. FEBS Lett. 410:373-377. 

38. Srivastova. R.K., S.J. Sollott. L. Khan, R. Hansford, E.G. 
Lakatta, and D.L Longo. 1999, Bcl-2 and Bcl-X(L) block 
thapsigargin-induced nitric oxide generation* c-Jun NH(2)- 
terminal kinase activity, and apoptosis. Mol Cell Biol 19: 
5659-5674. 

39. Lcist, M., B. Single, H. Naumann, E. Fava, B. Simon, S. 
Kuhnle, and P. Nicotera. 1999. Nitric oxide inhibits execu- 
tion of apoptosis at two distinct ATP-dependent steps up- 
stream and downstream of mitochondrial cytochrome c re- 
lease. Biodtem. Biophys. Res. Commun. 258:215-221. 

40. Gorbunov, N.V., Y.Y. Tyurina, G. Salama, B.W. Day, H.G. 
Claycamp, G. Aigyros, N.M. Elsaycd, and V.E. Kagan. 1998. 
Nitric oxide protects cardiomyocytes against tert-butyi hy- 
droperoxide-induced formation of alkoxyl and peroxyl radi- 
cals and peroxidation of phosphatidylserine. Biodtem. Bophys. 
Rjes, Commun. 244:647-651. 

41. Ma, X.L., F. Gao, G.L. Uu, B.L. Lopez, T.A. Christopher, 
J.M. Fukuto, D.A. Wink, and M. Feelisch. 1999, Opposite 
effects of nitric oxide and nitroxyl on postischemic myocar- 
dial injury. Proc. Natl Acad. Sci. USA. 96:14617-14622. 

42. Pinsky, D.J., S, Patton, S. Mesaros, V. Brovkovych, E. 



1013 Zorov et al. 



Kubaszewski, S. Gninfeld, and T. Malinski. 1997. Mechani- 
cal tiansducdon of nitric oxide syndiesis in the beating heart. 
Circ. Res. 81:372-379. 

43. Ricchelli. F., S. Gobbo, G. Moreno, and C. Salct. 1999. 
Changes of the fluidity of mitochondrial membranes induced 
by the permeability transition. Biochemistry. 38:9295-9300. 

44. Takeshige. IC, and S. Minakami. 1979. NADH- and 
NADPH-dcpcndent formation of superoxide anions by bo- 
vine heart submitochondrial particles and NADH-ubi- 
qtdnone reductase preparation. Biodiem.J, 180:129-135. 

45. Nohl, H.. and W. Jordan. 1986. The mitochondrial site of 
superoxide formation. Biodiem. Biopltys. Res. Comtnun. 138: 



533-539. 

46. Korshunov. S.S., O.V. Koridna, E.K. Ruuge, V.P. Skulachev. 
and A. A. Starkov. 1998. Fatty acids as natural uncouples pre- 
venting generation of '02" and H2O2 by mitochondria in the 
resting state. FEBS Lett. 435:215-218. 

47. Bowser, D.N., T. Minamikawa, P. Nagley, and D.A, Wil- 
liams. 1998. Role of mitochondria in calcium regulation of 
spontaneously contracting cardiac muscle cells. Biophys. J. 75: 
2004-2014. 

48. Richter, C. 1993. Pro-oxidancs and mitochondrial Ca^*: 
their telationship to apoptosis and oncogenesis. FEBS Lett, 
325:104^107. 



1014 



Mitochondrial ROS-induced ROS Release and MPT 



